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TECHNICAL  NOTE  NO.  711 

AH  APPROXIMATE  SPIN  DESIGN  CRITERION  FOR  MONOPLANES 
By  Oscar  Seidnan  and  Charles  J.  Donlan 

SUMMARY 


A quantitative  criterion  of  merit  has  heen  needed  to 
iidst  airplane  designers  to  incorporate  satisfactory 
iplnning  characteristics  into  new  designs.  An  approximate 
tsplrlcal  criterion,  "based  on  the  projected  side  area  and 
{he  mass  dlstrlhution  of  the  airplane,  has  "been  formulated 

10  a recent  British  report.  In  the  present  paper,  the 
British  results  have  "been  analyzed  and  applied  to  American 
teelgns.  A simpler  design  criterion,  "based  solely  on  the 
tjpe  and  the  dimensions  of  the  tail,  has  "been  developed; 

It  is*  useful  in  a rapid  eatlmation  of  whether  a new  desi^ 

11  likely  to  comply  with  the  minimum  requirements  for  safe- 
ty in  spinning. 


INTRODUCTION 


A considerable  amount  of  information  concerning  the 
•ffects  of  dimensional  and  inertial  design  characteristics 
ixlsts  in  the  literature  on  spinning.  In  general,  however, 
the  data  are  so  presented  that  they  are  not  directly  and 
quantitatively  applicable  to  new  designs.  There  is  need 
for  a satisfactory  quantitative  criterion  to  Indicate 
whether  a new  design  is  likely  to  comply  with  the  minimum 
requirements  for  safety  in  spinning. 

Such  a criterion  is  developed  in  a recent  British 
publication  (reference  l).  Tbe  present  report  is  con- 
cerned with  the  application  of  the  British  criterion  to 
Aserlcan  airplanes.  An  analysis  of  the  results 
tented  and  a simplified  criterion  of  spinning  merit  devel- 
oped that,  as  far  as  American  designs  are  concerned, 
forms  better  with  full-scale  and  model  spinning  data  than 
the  original  English  criterion* 
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BASIS  07  ENGLISH  CHITSRION 


The  complete  development  of  the  British  criterion  if 
given  in  detail  in  reference  1.  The  basic  consideratioBi 
underlying  the  development  are  reviewed  briefly  in  the 
following  paragraphs. 

The  spinning  characteristics  of  an  airplane  are  con- 
sidered to  be  affected  by  three  major  design  factors. 
These  factors  are: 


(1) 


The  longitudinal  distribution  of  mass  as  measurei 
by  the  difference  I2  - and  expressed  nor- 


I9  — It 

dimensionally  as T » where  I7 

pS(b/2)^  ^ 

are  the  moments  of  inertia  about  the  Z 


and  Ij 
and  Z 


body  axes,  respectively;  p is  the  density  of 
the  air;  S,  the  wing  area;  and  b/2,  the  eesl* 
span.  The  value  of  air  density,  p,  used  in 
this  report  is  that  corresponding  to  15,000  foot 


standard  altitude. 


(2)  The  resistance  offered  by  the  fuselage  side  area 
(exclusive  of  the  rudder)  while  the  airplane  is 
spinning,  which  is  measured  by  ZAx^ , where  A 
is  an  elementary  area  located  at  a distance  x 
from  the  center  of  gravity  of  the  airplane.  Be- 
cause of  its  greater  effectiveness,  the  area 
beneath  the  horizontal  tall  plane  is  multiplied 
by  2.  (For  conventional  tail  planes,  this  aref 
is  measured  between  the  most  forward  and  the 
most  rearward  portions  of  the  tall  plane.)  Th« 
resistance  of  the  fuselage  to  rotation  is  ex- 
pressed in  the  form  of  a nondlmenslonal  "body 

damulng  ratio,”  defined  as  — , where  S 
‘ , S(b/2)“ 

and  b/2  denote  the  wing  area  and  the  semispan, 
respectively. 


The  unshielded  rudder  area,  expressed  nondlmen- 
sionally  as  an  "unshielded  rudder  volume  cpeffl“ 

^4 4_  , 4.  unshielded  rudder  area  x I 

cient  is  equal  to sJ\)/2  ) ' 

whore  I is  tho  distance  from  the  centroid  of 
tho  unshielded  ruddor  area  to  tho  center  of 
gravity  of  tho  airplane. 
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In  the  computation  of  the  body  damping  ratio  (BDR) 
and  the  unshielded  rudder  volume  coefficient  (URVC),  it 
aao  assumed  that  the  relative  wind  strikes  the  horizontal 
tall  surfaces  from  below  at  an  angle  of  45°  and  that  the 
air  flow  diverges  il5°  after  passing  the  tail  plane.  (This 
asnumption  regarding  the  divergence  of  the  air  flow  above 
the  tall  plane  is  verified  by  the  flight  tests  described 
In  reference  2.)  Any  area  of  the  vertical  tail  within  this 
vergent  wake  is  disregarded  in  the  computations.  Figure 
, ^^tistrates  the  method  used  in  evaluating  BDR  and 


A "damping-power  factor"  (DPF)  is  defined  as  the 
nroduct  SDR  x URVC,  and  this  factor  is  plotted  against 

the  pitching  parameter  — — “T*  The  relative  magnitude 

pS(b/2)° 

(DPF)  [pS(b/2)°J 

^ho  olope,  — - , ig  ■used  by  the  British  as 

• figure  of  merit. 


COMPARISON  OF  BRITISH  AND  AMERICAN  RESULTS 


Figure  2,  which  is  taken  from  reference  1,  is  a clot 


of  DPF  against  for  the  22  British  mononlane 

pS(b/2)° 

(ief.igns  submitted  for  testing  in  the  British  free-spinning 
|*lnd  tunnel.  The  models  are  rated  as  either  "passed"  of 
failed,"  depending  on  their  ability  to  meet  the  require- 
Bonts  of  a standard  British  model  recovery  test.  In  most 
nstances  where  an  initial  design  is  represented  as  un- 
*&tiafactory,  a point  will  be  found  representing  the  final 
Bodlfied  version  of  that  design.  It  is  obvious  from  the 
Ispersion  of  points  that  secondary  factors  not  included 
Jn  the  analysis  influence  the  ability  of  a model  to  pass 
* test.  Nevertheless,  a lino  has  been  drawn  such 

that  no  pass  point  lies  below  it  (although  failures  may 
0 above  it)  and  defines  the  minimum  requirement  for 
"Jfety  in  spinning.  It  is  implied  that  any  design  the 
c aractoristic  point  of  which  lies  beneath  this  lino  (i,e,. 


for  which  the  ratio 


(DPF)  [pS(b/2)3] 

h - ^X 


is  loss  than  0,001) 


"111  probably  give  unsatisfactory  recoveries  from  a spin; 
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whereas,  if  its  characteristic  point  lies  above  this  ll"*i 
recoveries  nay  he  either  satisfactory  or  'un  sat  isfactory- 


Figure  3 is  a plot  of  DPF  against 


iz  - 

pS(h/2)" 


for  U 


American  monoplanes  tested  in  the  N»A,C.A.  fre e—  sp inn ing 
wind  tunnel.  The  N.A.G.A.  having  no  unique  criterion  of 
spinning  merit,  the  designs  considered  here  have  been  d«- 
noted  as  being  "good"  or  "poor"  spinners,  partly  on  the 
basis  of  soin— tunnel  results  and  partly  on  the  basis  of 
pilots’  renorts.  The  f'act  that  the  Snglish  standard  o^' 
cot'’ery  wjxs  not  uti'-isod  in  the  American  classification 
^ t o n n r ^ a t i m ^ 1 V a ■*' e a t e r t? e r c e n t a. g e of  A m e r .. o ^ ^ ■ 
a i r T'  1 a ?'i e c n n n o a i ^ as  s a t i s a c t o r y spinners.  It  v o .1  ^ 


'actory  spinners 


noted  txiat  two  good  Tiolnts  fall  below  the  British 


4 „ ^ 1 „ ^ _ T -f  _ however,  a lino  ( d o * c i 
4 V, -p,..,, ^v,  noint  for  airnlarc 


TS'i'’On  of  th.  AnOTrCclT).  X?'  GltlGCtSd*  t.'. 


1 a s a 0 o II  V Oil' 


I'l e B 1 o p a of  the 


4.  4 eV  1 4 m 

w A.  Sj~*  .i.  - i- 


ANALYSIS  07  RSSULTS 


A detailed  analysis  of  both  the  Brltisn  and  tne  A~*" 
, can  results  was  then  made  with  the  purpose  of  obtainir.q 
i simnler  and  more  ef'^setive  criterion. 


a sunnier  an 


individual  factors  that  constitute  the  British 


are  nlotted  in  figures  4 and 


close  group*: 


of  points  in  figure  4 discourages  the  establishment  of  a 
spin  criterion  on  the  basis  of  the  3DH  alone.  Figure  ^ 
on  the  other  hand,  shows  a greater  dispersion  of  points^^n,'. 
the  dotted  horisontal  line  drawn  through  a value  of  ’JRVv 
of  0.013  effects  a separation  of  passed  and  failed  points 
that  is  comnarable  with  the  separation  previously  noted  on 
the  D?F  chart  (fig.  ?).  This  result  suggests  that  the 
UH7G  alone  might  prove  as  satisfactory  a criterion  as  t!"' 
more  complex  FPF,  which  necessitates  the  consideration 

Iz  - ix 

of  BDR  and  -- — -7-^  • 

pS(b/2)^ 

It  would  appear  that  an  alternative  conclusion  tn  the 
British  report  might  have  stated  that  any  model  possess- 
ing a value  for  1IR7C  of  less  than  0.013  would  be  unlike- 
ly to  pass  the  model  spinning  requirements.  This  condi- 
tion would  have  eliminated  the  necessity  of  considering 
the  body  damping  ratio  and  the  inertia  pitching  parameter, 
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A i discussion  concludes  the  analysis  of  the  British 

-a.a.  The  rest  of  the  report  is  concerned  with  the  ane.ly- 
^■13  of  the  results  for  the  American  monoplanes  and  the 
-ornu^ation  of  a criterion  "based  on  the  unshielded  rudder 
area  and  tne  fuselage  area  directly  below  the  horizontal 
tail  surfaces. 


’j  s e d 


^ and  7 are  plots  of  the  factors  constituting 
for  the  American  monoplanes.  Figure  6 could  he 


segregate 


■f'T'ATT* 


'00  r 


-vn,  1 


be  snown  later,  the  segregation  is  largely  attribut- 
able the  area  beneath  the  horizontal  tail  surfaces  and 
■ -J  jO  the  BijR  as  a whole.  In  figure  7,  the  dotted  hor- 


-zontal  line  drawn  through  the  value  of 


JP.7( 


of  0.01 


ndicaves  ohat  satisfactory  separation  of  good  and  moor 
inners  can  be  obtained  for  the  American  airnlanes  by 
o.i  side  ring  to.e  UP.VO  alone,  although  the  line  of  separa- 
-on  .. s lower  chan  that  used  for  the  British  models  in 


■ig-ire  5.  4-hus  the  value  UR7G  = 0.01  might  be  used  to 
^^oparate  new  designs  into  two  classifications;  designs 
■?.v..ng  a.  value  of  cR.C  loss  than  0.01  ma,y  be  considered 

;he  spinning  requirements. 


’.likely  to  mass 


- ow 
'’..’■bi 
-at  i 

n -f 


in  reference  1,  the  importance  of  the  fixed  area  be- 

Gd.i5  Jtib*::  i'6C0^riiZ6a  Dy 

trarily  doubling  its  contribution  to  the  body  damping 
rib 


Its 


influence  is  obscured,  however,  because  it 


.on  may  be  small  even  when  doubled 


; 0 m.  "D  a r e d 


: he 


use 


body  damping  ratio.  In  order  f’.'rther  to  er.pha— 


imnortan. 


■f.  }o0  con'ti'i'hn'^ion 


"to  ^od.v 


uhe  fixed  area  be: 


".ag 


the  horizontal  tail  surfaces 


been  considered  separately  for  the  American  airplanes; 
■s  expressed  as  a tail  damping  ratio,  ?BR  = 


’’.sere 


an  d. 


, . 3Cb/2)- 

is  the  total  fixed  area  below  the  horizontal 
h is  the  distance  from  the  centroid  of  this  area 


;he  center  of  gravity  of  the  airulane. 


P 4 


Values  of  the  TBR 

iTII  T’C!  P.  ■’■4. 


fer  American  monoplanes  are 


’ wn 


U tt  CV  1.  S,  V 


U il0 


't-,  0 0 d.  f'T’  V ,!i  0 pool*  s "o  1 n o 0 r s c nn  *bo  o f fo  c t-  o d.  "oy  'j.  o i n t b.  ^ 

T!DP.  = 0 = 015  5 ,^iiroo  and  8 Gb.O'^  tb.a.'^  the  U'^VG 

”'’0.  taken  separately  effect  similar  separations 

the  American  designs  into  two  groups.  It  is  obvious 
^lat  many  possible  combinations  of  these  two  factors  could 
’ised^in  devising  an  empirical  criterio.n  to  segregate  the 
3oor  spinners.  In  order  to  emphasize  the  importance  of 
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having  "both  iin  shielded 
the  horizontal  surface 
uct  U5.TG  X TDR  as  a 
ated  that  the  results 


rudder  area  and  fixed  area  "below 
3,  it  ■was  decided  to  use  the  prod- 
criterion  of  merit.  It  is  apprec-- 
nay  not  "be  valid  for  uncon  vent  xona- 


designs . 


Figure  9 illustrates  the  method  used  in  evaluating  a 
tail  damping-powe r factor  (TDPF)  defined  as  the  prodn. - 
of  TDR  'and  UHVC.  This  TDPF  is  plotted  in  figure  xv 
for  14  American  monoplanes  and  effects  a satisfactory  se. 
aration  of  good  and  poor  spinners. 


It  may  "be  concluded  on  the  oasis  of  figure  -lO 

^ c,  jw.  O«00 


e nc':  1 f.kel:: 
5.  s '0 1.  c 3 *1  C'  n 

r,  rj  .-a  r.  ' 

V'  J «X>  t>  vJ  A.  - • 


less  than,  say,  0.0 
oxhih'it  sat i s'^acto ry  recovery  charac 

that  a TDPF 


^ 7 C 


;he  ot'ner  "nand. 


is. 


self 


XO- 

, .r  ^ ^ o n 4^  f A i 21  C'  U ^ 


b 1 TT, ilar  re  suit  s were 
hr  critical  value  of 
Icwcr  and  less,  d 1st  in 


obtained 
the  TDPF 


for  American  biplane?. 

arpeared  to  be  sora- 
or  the  ncnoplancs. 


Lack  of  sufficient  data  prevented  the  calculation  ? 
mump  t'^o  British  designs. 


DISCDfSION  AND  C0NCL7SI0NG 


In  the  present  state  of  knowledge,  no  criterion 
available  that  will  infallibly  predict  the  recovery  cha- 
acteristics  of  a new  airplane  design.  As  shown  in  the 
text,  however,  it  is  possible  to  formulate  empirical  ovi- 
terions  that  are  helpful  in  establishing  the  minimum  de-^ 
sign  requirements  for  safety  in  spinning.  It.  is  believe- 
that  the  tail  damping-power  factor  (TDPF)  developed^-? 
the  text  is  a simple  practical  method  for  rapidly  estxna^ 
ing  whether  a new  design  is  likely  to  comply  with  uhe  s-- 
imum  requirements  for  safety  in  spinning  and  it  j-s  resen 
mended  that  no  new  monoplane  design  be  constructed  whic^ 
possesses  a TDPF  of  less  than  0,00015.  It  should  notate 
assumed,  however,  that  a design  which  has  a sat i sf actor;. 
TDPF  will  necessarily  exhibit  good  recovery  character-s- 
ties, as  other  factors  not  herein  considered  may  influe..-* 
the  results. 

Langley  Memorial  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 

Langley  Field,  Va. , May  1,  1939. 
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rigs.  i,e 


section  to  o.g. 

of  airplane  _ ^ 

Body Area  under  tall  plana  Fin 

Body  damping  ratio  - * 2(113*13?  >—Ai6*i62)  ♦ *17*17?  * -'-Asoxs^ 


3,  wing  .iroa 
0/3,  aamla,)an 


Unahl aided  rudder  rolume  coefficient 


/ V 


To  e.g.  of  airplane,  I 

Figure  1.-  Uetbod  of  computation  of  damping  coefficlante. 


Tall  damping- 
power  factor 


Tall  deuiplng 
ratio 


Unehl elded  rudder 
* TOlume  coefficient 


TDPF 


Fl3 

S(b/a)3  * 


s^b/i) 


Figure  9.-  Method  of  computing  tall  damping-power  factor. 


• t-t-4.  twMMi  lo.  ni 


w*i.  *,•,* 


p S(b/3)3 


Tprl^tlOB  of  daaplag-povor  factor  with  Inertia  pltcbtae  paraneter  for  3S 
Brltlah  aonoplanoa  (From  reforanoa  1). 


p 8(b/3l3 

Wfura  3.-  Tarlatlon  of  daiving^wer  factor  with  taortia  pltehlw  paraoetor  for  X* 
Aaerloao  oonoplanee. 
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3.5 
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Vlgnro  ▼arlatlOB  of  body  danptas  ratio  wltb  Inertia  pltehlac  pnranetox  ft* 
Bntlata  ■onoplanoB  (From  reference  l). 
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Figure  S.-  Variation  of  unehloldad  ruddsr  voluae  ooaffleleat  with  inertia  piteblBg 
paraawter  for  32  Brltiah  aonoplanai  (froa  rsfarence  1) • 
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spb;  tests  of  a i/po-^scaie 

THE  XP^39  AlHPLAJiS 
By  CHARLES  Jc  DO;^L/Af 


Arljrht  Field 
.©DEL  OF 


INTHOOUCTION 

The  tepti^  reported  herein  7M-re  performed  et  the 
request  of  the  Army  Air  Corps,  Upterlel  Dlvlalcm,  to  do- 
termlne  the  eplnninj?  chorpoterlatlce  of  p l/gO-soele 
model  of  the  Boll  XP-39  r^lrpl^re.  The  investigation  In- 
cluded the  etudy  of  the  effect;  of  londln;*  chongeo  nnd  of 
vrrloue  control  dlepositlona.  Subsequent  teste  were 
performed  to  determine  tie  offset  of  p chMf'o  In  wing 
dlhedrpl, 

Pz'elimlnrry  resuite  hnve  slrs-dy  been  forwnrded  to 
the  Wpterlel  LivlaloR» 

apparatus  ASD  I GDFl. 

The  tests  W62*e  parformad  la  the  • . A»  0 A.  free- 
spinning  wind  tunnelj  ep  floscrlbed  in  ref',:renoe  1,-. 

The  l/20»-scp3.e  model  vsnap  iurninher!  by  the  Hrterlel 
Division  end  tins  built  fiom  model  drawing  IXOO5  of  th,^ 
Bell  Ailrcrpft  Corpor.'^tion,  The  dinvensionB  of  the  model 
were  not  checked  by  the 


A,  G,  A. 


The  nodel  wee  constructed  principally  of  belse  wood. 
The  fupelrge  wp.s  hollowed  end  cut-onto  were  mrde  In  the 
wlnge  In  order  to  reduce  the  wslf';ht.  Lepd  bellnat 
pieced  et  Rultnble  locations  In  order  to  bring  the  wolvght, 
the  momento  of  Inertia,  and  the  oenter-of-grnvlty  position 
to  the  desired  values . The  pllerone  and  flrpe  were  in- 
stalled by  the  N.  A.  C.  A»  from  model  drawing  4X00^  of  the 
Bell  Aircraft  Corporation.  The  landing  gear  wna  Inde- 
pendently ballasted  so  that  the  proper  change  in  mass 
distribution  would  result  when  It  was  extended. 

The  weight,  tha  mcments  a!  'nertla,  and  the  csntor- 
of-grag-lty  position  wore  tahon  from  report  4Z010  of  the 
Bell  Aircraft  Gorporationo  In  the  model  these  factors 
were  held  to  the  true  acaled-dov7n  values  within  th?' 
following  limits? 

Weight  - - - --  --  --  ^.percent 


G e r 1 1 9 r “ o f - g r p V 1 1 y 1 u ci.  •>  ti  o n 


!'omentr  of  Inertia  - ~ - 


percisn  g oi  roo 


0 pcrcont  to  6 percent 
-1  percent  to  5 percent 
-6  percent  to  0 percent 


Photographs  of  the  model  are  shovm  In  f igure  1 


Tii:GT  CONDITIONS 

Maxl'^oim  control  displacements  of  ^ x'udder, 

35®  up  an.'?  15*^  down  for  the  elevators,  45^  down  for  the  flnpSt, 
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25°  up  pnd  10°  down  for  the  differential  ellerona  were 
teken  from  drawing  4X005  of  the  Bell  Aircraft  Oorporptlon, 
When  the  flppe  were  lowered  the  pllerone  drooped  20°  down 
pnd  the  mnxlmum  deflections  of  25°  up  p.nd  10°  down  were 
raepBured  from  the  drooped  position.  The  orlglnol  model  rs 
tested  hpd  0°  wing  dlhedrpl. 

The  normpl  model  loading  condition  p.t  pn  equivalent 
test  altitude  of  6000  feet  (p  =0. 001935  sluga/ft.* ) 
corresponded,  within  the  limits  of  pccurpcy  previously 
mentioned,  to  the  following  mass  distribution  of  the  full- 
scale  airplane  with  cockpit  covered,  flaps  up,  and  landing 
gear  retracted? 

Weight 5»^53^  114 

*/oj,-  - - - - - - - . _ _ 26.4  percent 

- XO  percent 

A 2074  Blug/ftc » 

B Blug/ft.« 

C 6113  slug/ft.* 

Where  x/c^.  Is  the  ratio  of  the  distance  of  the  center  of 
gravity  aft  of  the  leading  edge  of  the  root  ' 
chord  to  the  root  chord „ 

t/or  1®  ^he  ratio  of  the  distance  of  the  center  of 

gravity  below  the  thrust  line  to  the  root  chord. 

A,  B,  and  C are  the  momenta  of  Inertia  about  the 
body  axes  X,  Y,  and  respectively. 
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Tests  were  performed  to  determine  the  effect  of 
vprletlons  In  momenta  of  Inertle  end  of  center-of-grevlty 
positions  upon  the  spinning  chprscterl sties  of  the  raodelo 
To  obtain  these  loading  verlrtlons,  provision  wps  rapde  for 
distributing  weights  wlong  the  wings  (changing  the  moments 
of  inertlfl  A nndO),  for  distributing  weights  slong  the 
fuseloge  (changing  the  moments  of  inertln  B end  0),  end  for 
moving  p lf»rge  fuselage  weight  fore  end  oft  (chpnglng  the 
center-of-grsvlty  position). 

KliSULTB 

The  results  of  the  invostlgetlon  ere  presented  In 
cherts  I - XII  end  teble  1.  The  ateedy  spin  peremetera 
presented  In  the  cherts  rnd  tebles  were  determined  by 
methods  described  in  reference  1 end  hpve  been  converted 
to  corresponding  full-aoele  volues.  0 Is  the  angle  be- 
tween the  thrust  axis  and  the  horizontal  (negative  for 
the  nose-down  posltloii  and  determines  the  angle  of  attack, 
which  Is  approximately  equal  to  90°  +0^  cp  Is  the  angle 
between  the  span  axis  and  the  horizontal  and  Is  considered 
positive  when  the  right  wing  Is  down.  The  angle  of  side- 
slip, p,  le  approximately  equal  to  q>  - a#  where  o Is  ^^0 
helix  angle  (angle  between  flight  path  and  the  vertical). 
(Inward  sideslip  Is  considered  positive  in  a right  spin, 
and  negative  In  a left;  o Is  considered  positive  In  a 
right  spin  and  negative  In  a left. ) For  the  XP-39  model 
spins,  the  numerical  value  of  o was  about  . 
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Recoveries  were  measured  lay  the  nvunber  of  turns  the 
spinning  model  made  from  the  time  the  controls  were  observed 
to  move  until  the  spinning  motion  ceased. 

DISCUSSION 

Comparison  between  model  and  airplane  spin  results 
(references  1,  2,  and  3)  indicates  that  because  of  scale 
aid  tunnel  effects,  lack  of  detail  in  the  model  and  differences 
in  operators'  technique,  the  spin- tunnel  results  are  not 
always  in  complete  agreement  with  full-scale  spinning  data. 

In  general,  for  a given  loading  condition  and  control  setting, 
the  model  steady-spin  results  h^ve  shovm  a somewhat  smaller 
angle  of  attack,  a somewhat  higher  rate  of  descent,  and,  at 

a given  angle  of  attack,  from  *5°  looifi  outward  sideslip. 

{ 

The  comparison  made  in  reference  3 showed  that  SO  percent 
of  model  recovery  tests  predictfsd  satisfactorily  the  cor- 
responding full-scale  recoverips,  10  percent  overestimated 
the  full-scali)  recoveries,  and  10  percent  underestimated 
the  full-scale  recoveries. 

Because  of  fin-offset  on  the  XP-39  model  left  spins 
were  steeper  than  right  spins,  and  since,  for  a given  model, 
fastest  recoveries  are  usually  associated  with  the  steepest 
spins,  the  majority  of  spins  were  made  to  the  right.  Unless 
otherwise  specified  the  following  discussion  concerns  right 
spins  of  the  original  model  with  0®  dihedral. 
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Stepdy  e pins.  - Chprt  I shows  the  effect  of  control 
eettlnr  on  the  stepdy  spin  for  the  model  In  the  normel 
loading  condition.  With  the  rudder  set  for  the  spin,  ailerons 
neutral,  end  elevator  up,  the  angle  of  attack  wae  about  4-9®, 
the  rate  of  descent  about  I7I  feet  per  second,  and  Q ^ was 
aboutO.23.  The  angle  of  the  wing  to  the  horizontal  was  small. 
With  the  elevator  neutral  or  down  the  angle  of  attack  In- 
creased, the  rate  of  descent  increpsed,  and  ^ Increased. 

With  the  ailerons  set  agalns'^^  the  spin  (right  aileron  down  10° 
and  left  aileron  up  25® )»  ^ Increased  somewhat  with 

down-setting  of  the  elevator  but  there  was  little  change  In 
angle  of  attack  or  rate  of  descent  for  any  elevator  setting. 

With  the  rudder  neutral  the  model  would  spin  only  with 
elevator  down  and  ailerons  aralnst  the  spin.  With  this 
control  disposition  the  soln  was  steeper  and  the  rate  of 
rotation  slightly  slower  than  the  corresponding  spin  with 
the  mdder  set  full  with. 

The  model  would  not  spin  for  ^ny  elevator-aileron 


combination  with  the  rudder  set  against  the  spin. 

Setting  the  ailerons  against  the  spin  resulted  In 
flatter  spins  and  decreased  rates  of  descent,  while  setting 
the  ailerons  with  the  spin  resulted  In  steeper  spins  and 
such  high  rates  of  descent  that  It  was  Impossible  to  hold 
these  spins  In  the  tunnel. 


- ( ■ 

Chprt  XI  Innlcptr-’  th«. t opf-ni;?.'-  the  cockpit  h^d  'I'-ery 
little  effect  on  the  yte^dy- spin  chpr-POterietlcR  of  the 
model.  (The  cockpit  cp3nin>T  *imrloted  on  the  model  w,o8  in 
the  form  of  p sliding;  conopy  ot'sp  the  pilot  “0  h®pd. ) The 
effect  of  P 3°  incrappe  In  *:V; dlhedrel  in  pIoc  presented 
on  chprt  II.  The  isplua  \%ith  3*^  dlhedrel  ivEnderofi  considerably 
more  then  those  with  0^  dihodirpl,  p.t>rtloulnrly  v/lth  up- 
eettlnf^of  the  eloyptor«  In  tjenerpl,  Increneln;^  the  dlhedrpl 
decrersed  the  pn;^lo  of  ottnck,  Inori'psed  the  rpte  of  descentj 
pnd  slightly  Incropsecl  the  rate  of  rotation., 

The  effect  of  p forTrnrd  novensat  of  conter-of-fijrpvlty 
position  - p lop.dlnfT;  pceocipted  with  the  oloo/eet  recoveries 
pnd  here After  referred  to  ee  the  "worst  lord"  - ig  shown  In 
chnrt  III,  In  fjenerpl,  the  offset  of  the  ororst  lend  was  to 
decrepse  the  anp;le  of  attack  f>oaewh?-i;,  clsorense  the  vertlopl 
velocity  s?viyhtl'"p  and  iucropof;  the  ratn  of  rotr>ylon  sllf^htly. 

The  effect  of  flrps  and  crooned  n5.1s'’‘':n3  on  the  steady* 
spin  ch«raif: eristics  lo  pi’ceocted  in  chart  xy,  Trooping  the 
ailerons  20^  down  In  conj-.mot.Ion  with  lowering  the  flpps 
resulted  in  lower  rates  of  do* cent,  and  when  the  elevator  was 
down  the  spin  flattened  so  me  *c' at,.  Uth  the  ailerons  set 
against  the  aoln,  the  snlntE  vrrre  f.latter  for  all  elevator 
eottlngs  and  the  rates  of  d.eacont.  materially  reduced.  The 
model  7/ould  not  spin  In  thie  condition  when  the  ailerons  were 
deflected  with  the  spin. 


Hficovf»rlet3 . ••  The  x’stiaits  of  fche  recovery  teet;??  for 
the  normal  lopdln'-;  condlt?.on  «re  pt^esentod  in  ohort  I end 
tpble  1.  HecoverisB  fron  atoncly  nplaa  with  oilerone  neutrel, 
rudder  with  tho  suln,  end  alevntor  up  's?ero  rpp3.d  by  reveranl 
of  rudder  elone  or  by  elmultpiieo'^s  reversal  of  both  rudder 
end  elevator,  31cwsr  rocoverlae  were  obtained  from  tha 
elevator  neutral  and  elsvptor  down  spins,  with  the  lo';ter 
spins  giving;  the  slowest  roooverler  by  reversal  of  rudder 
alone. 

steady  spins  v’jsre  not  obtained  with  the  ailerons  set 
for  the  spin  and  conBequer.tly  no  recovery  tests  were  attempted. 
It  V'ould  appear  that  recovery  from  normal  spins  might  be 
improved  by  displacing  tho  ailerone  with  the  spin.  This 
Was  not  tried,  however. 

Aileron  settings^  against  the  soln  tendad  to  retard  re- 
covery except  with,  el.evatcr'-up  set  ugs , In  whJ.oh  Instances 
recoverifo  were  si Igh.ahy  f 

Although  chart  X Srdl.«:.r,.t:eo  t^t.  model  would  net  attain 
a Steady  spinning  equilibrit.^m  with  aoutral  rudcier  sotting 
(with  one  vexceptlon),  recoverloa  from  rudder-wlth  spine 
attempted  by  neutral.! r.lng  the  rudder  alcno  were  gcno’^^lly 
unsatleffictorlly  long  1). 

The  effects  on  recovery  of  various  changes  In  loading 
(charts  V,  VI,,  a.r.d  VII)  were  negligible  with  the  excoptlcn 
of  a forward  movement  of  the  contor-of -'gravity  position  - 


“•  3*  - 

pbout  !i)  Inoheo  full-ouple  - which  ten^lsd  to  retard  recovery 
for  most  elovptor  and  aileron  cllapoeitlona  (chart  VII  ). 

The  effect  was  greater  with  down-settings  of  the  elevator  and 
leas  with  noutr-’l  and  up-settln-s  of  the  elevator^ 

The  effect  on  recovery  of  various  landing  combinations 
Is  given  In  chart  VIII,  Opening  the  cockpit  had  only  a 
slight  adver£.0  affect,  Lov/er :-.r;g  the  landing  gear  gave  slight 
Increases  in  turns  for  recovery.  Lowering  the  flaps  in 
conjunction  with  drooping  the  ailerons  had  a detrimental 
effect  on  recovery  fcr  certain  aileron  deflections.  With 
the  ailerons  cet  for  tlie  spin  the  modoX  would  recover  on 
Its  own  aocerd  when  forced  Into  the  soln,  whereas  with  ailerons 
set  against  the  spin  the  model  would  not  recover  by  reversal 
of  rudder.  This  critical  effect  1b  attributable  to  the 
drooped  ailerons,  aa  can  bo  seen  from  chart  IV.  With  normal 
aileron  setting  against  the  spin  (right  aileron,  10®  down, 
left  aileron  25^  V' ) » the  offoct  on  rocovery  of  the  lov/ered 
flap  was  alight  but  with  drooprd  alXorons  set  against  the 
spin  (right  Rll'-ror,  30^  dorn,  left  rllcron  5°  up),  no  re- 
covery occurred  when  the  rudder  waa  reversed. 

Charts  IX,  X,  qnd  XI  re’'Gal  the  effects  of  dihedral. 
Increasing  the  dlhedra'?.  from  to  5®  had  n email  beneficial 
effect  on  recovery. 

A Gonip'riaon  of  loft  and  right  epins  is  presented  in 
chart  XII,  In  freneral,  left  spins  exhibited  slightly  faster 


10  » 


recoveries  then  the  corresooncUng  rlr^ht  spine  <. 

CC1JCLU3I0NS 

To  effect  the  most  rspld  recovery  from  the  spin  the 
following  prooedlure  If?  recommendod;:  Durlnj;  the  stesdy  spin 

hold  the  Btlclt  full  b,«^ck,  the  rndder  f?jll  with  the  spin, 
end  the  pllerons  foil  with  the  spin  (right  nlleron  up  In  p 
right  spin) e For  recovery  move  the  rudder  hnrd  ngplnst  the 
spin  end  leter,  pftor  en  eddltlonel  one-hslf  turn  hne  been 
mnde, briskly  move  the  elev.ntora  full  down,  still  keeping 
the  pllerons  full  with  the  ooln., 

The  model  testa  of  the  XP-39  nleo  Indlc'^te  the 
following  spin  chorscterlstlca:; 

1,  In  the  high-speed  condition,  with  norrasl 
load,  the  rlrplrne  will  spin  normally.  Recovery 
by  rsverssl  of  the  rudder  clone,  or  by  revered  of 
the  rudder  followed  by  dov.rsWerd  deflect  lor*  of  the 
elevator  will  be  sctlrf aotory * If  the  rudder  is 
reversed  aftei”  the  olevoter  beea  moved,  down,  the? 
recovery  will  be  slower,  Recovery  by  nout mil zing 
the  rudder  will  be  unnptlsfcctory.  Ailerons  deflected 
pgplnst  the  spin  will  reterd  recovery;  nllerons  de- 
flected with  the  soln  will  imprcvfa  recovery, 

2,  In  the  lending  condition  (flops  end  wheels 
down,  pnd  cllerona  drooped),  the  o.lleron  effect 
mentioned  previously  will  b©  consldersbly  Increased, 
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find  frllure  to  recover  mry  result  If  nllerona  ere 
deflected  pp;nlnet  the  spin. 

3.  Reasonp'ble  chnnrres  In  nines  distribution 
will  h*ive  only  p minor  effect  on  recoverleoe  Forward 
movement  of  the  center  of  i^mvlty  will  tend  to  re- 
tard recovery  and  aft  movement  to  improve  it. 

4c  Increasing  the  •vlng  dlhodral  from  0®  to  3° 
will  produce  n slight  bc'iieflclr'l  effect  on  recoveries., 

Langley  Memorial  Aeronautical  Ln::oratory , 

National  Advisory  Gcmraltte;  for  Aoronautlcs, 

Langley  Field,  Va,. , Nf  rch  I5,  ?.939„ 


Chari 01  Jc  Donlan, 

Jv.  ior  ^■eronm.rtical  Engineer. 


Approved i 

Elton  Miller, 
Principal  Mschanlcal  Enrineerc 
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Notes  Chart  shpws^control  disposition  prior  to  recovery  attempt. 
Figures  in  ^yoToo  are  turns  for  recovery.  ”?"  means  model 
would  spin  but  no  data  obtained  for  reasons  noted.  "No”  means 
m.odel  would  not  spin. 
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Note;  Chart  shows  control  disposition  prior  to  recovery  attempt. 
Figures  in  olr^*iVs  are  turns  for  recovery.  "?"  means  model 
would  spin  but  no  data  obtained  for  reasons  noted.  "No"  means 
m.odel  would  not  spin. 
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Note:  Chart  sho]f^,control  disposition  prior  to  recovery  attempt. 
Figures  in  (rtr^es  are  turns  for  recovery.  "?”  means  model 
would  spin  but  no  data  obtained  for  reasons  noted.  "No"  means 
model  would  not  spin. 
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Note:  Chart  shows  control  disposition  prior  to  recovery  attempt.^ 
Figures  in  are  turns  for  recovery.  "?"  means  model  ^ 

woSd  spin  but  no  data  obtained  for  reasons  noted.  ”No"  means< 
model  would  not  spin.  sl 
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QOWTlMWmh  MEMORANDUM  REPORf 


for 

Bureau  of  Aeronautics,  Kavy  Department 
SPIN  TESTS  OF  A l/20-SCALE  MODEL  OF 
the  XF^HJ-l  AIRPLANE 
By  CHARLES  J.  DOKUN 

Reference:  (a)  Bureau  of  Aeronautics  Let.  to  NAOA 

31,  193s,  Aer-E-231-FAM 

VFlKJ-l/Fl.i. 

(b)  Prel.  Memo.  Apr.  IS,  1939,  h,  A.  Soule, 
(0)  Prel.  Memo.  June  3,  1939,  C.  J.  Donlan. 

INTRODUCTION 

These  tests  were  performed  at  the  request  of  the 
Bureau  of  Aeronautics,  Kavy  Department,  to  determine  the 
spinning  characteristics  of  the  l/20-scale  model  of  the 
XF4-U-1  airplane.  The  investipiation  included  the  study 
of  the  effects  of  loading  changes  and  various  control 
dispositions  using  both  the  original  and  modified 
Vertical  tall  surfaces.  Subsequent  tests  were  made 
to  determine  the  effects  of  additional  tall  modifications. 

Preliminary  results  have  already  been  forwarded  to 
the  Bureau  of  Aeronautics  (references  (b)  and  (c)). 


APPARATUS  AND  MODEL 

The  tests  were  performed  In  the  K.  A.  C.  A.  free- 
spinning  wind  tunnel,  as  described  in  reference  1. 

The  l/20-scale  model  \7as  furnished  by  the  Bureau 
of  Aeronautics,  Ifevy  Department  and  was  built  from 
model  drawings  CV-ig909,  CfV-ig9io,  CV-lg9H,  and 
CV-S-.5593  of  the  Chance  Vought  Aircraft  Company. 

The  dimensions  of  the  model  were  not  checked  by  the 
N.  A.  C.  A. 

The  model  was  constructed  principally  of  balsa 
wood.  The  fuselage  was  hollowed  and  cut-outs  were 
made  in  the  wings  to  reduce  weight.  Lead  ballast, 
placed  at  suitable  locations,  served  to  bring  the 
weight,  the  moments  of  inertia,  and  the  center-of- 
gravity  position  to  the  desired  values.  The  ailerons 
and  flaps  \7ere  installed  by  the  U.  A.  0.  A.  in  accordance 
with  model  drawings  CV-1S909  and  CV-1S911  of  the  Chance 
Vought  Aircraft  Company,  The  landing  gear  was  inde- 
pendently ballasted  so  that  the  proper  change  in  mass 
distribution  would  result  when  it  T^as  extended. 

The  weight,  the  moments  of  inertia,  and  the  center- 
of-gravity  location  were  taken  from  Report  No.  45^9  of 
the  Chance  Vought  Aircraft  Company,  In  the  model  these 
factors  were  held  to  the  true  scaled-down  values  within 
the  following  limits: 
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•felght  - percent 

Center-of-gravity  location  percent  of  mean 

aerodynamic  chord 
0 percent  to  6 percent 

ly,  0 percent  to  6 percent 

Ijj,  0 percent  to  6 percent 

A photograph  of  the  model  with  the  original 
vertical  tall  is  shown  in  figure  1. 

TEST  COIIDITIOHS 

The  maxliEum  control  displacements  used  were  as 
follows;  (1)  -25°  for  the  rudder,  (2)  30®  up  and 
20®  down  for  the  elevators,  (3)  40®  down  and  60®  down 
for  the  flaps,  and  (4)  20®  up  and  10®  down  for  the 
ailerons,  (1)  and  (2)  were  taken  from  drawing 
CV-S-18001;  (3),  from  drawing  CV-3-1S911;  and 
from  the  stick-aileron  chart  supplied  hy  the  Chance 
Vought  Aircraft  Company.  Ahen  the  flaps  were  lowered 
the  ailerons  drooped  10®  down, and  the  maximum  aileron 
deflections  in  the  drooped  condition  were  15®  up  and 
25  down  from  neutral. 

The  normal  model  loading  condition  at  an  equivalent 

test  altitude  of  S,000  feet  (p  » 0.001S69  ) 

ft*  ^ 

corresponded,  within  the  limits  of  accuracy  previously 
mentioned,  to  the  following  mass  distribution  of  the 
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full-scale  airplane  v?ith  cockpit  covered,  flaps  up, 
and  the  landing  gear  retracted. 


rfeight  

- - pounds 

x/c  ----- 

0.249 

z/  c 

0.07^5 

- 

- 7»^0  slug-feet* 

'jr 

- S,072  slug-feet* 

Iz 

i4,421  slug- feet 

where  x/c  is  the  ratio  of  the  distance  of  the  center 
of  gravity  aft  of  the  leading  edge  of  the 
mean  aerodynamic  chord  to  the  mean  aero- 
dynamic chord. 

z/o  is  the. ratio  of  the  distance  of  the  center 
of  gravity  below  the  thrust  line  to  the 
mean  aerodynamic  chord, 

I , I , and  I are  the  moments  of  Inertia 
about  the  body  axes  X,  Y,  and  z, 
respectively. 

Tests  were  performed  to  determine  the  effect  of 

variations  in  moments  of  inertia  and  of  center-of-gravity 

position  upon  the  spinning  characteristics  of  the  model. 

To  procure  these  loading  variations,  provision  was  made 

for  distributing  iveights  along  the  wings  (changing  the 

moments  of  inertia  I_  and  I_) » for  distributing 

^ 2 
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weights  along  the  fuselage  (changing  the  moments  of 
inertia  ly,  and  1^^) , and  for  moving  fuselage 
weights  fore  and  aft  (changing  the  center—of —gravity 
position) . 

As  is  customary  in  routine  spin- tunnel  tests, 
the  majority  of  tests  were  performed  with  the  tall 
wheel  removed,  as  this  tends  toward  more  conservative 
results.  The  few  tests  performed  with  the  tail  wheel 
in  place  are  specifically  noted  in  the  text. 

RESULTS 

The  results  of  the  investigation  are  presented  in 
charts  I to  XX  and  tables  1 to  4.  The  steady  spin 
parameters  presented  in  the  charts  and  tables  were 
determined  by  methods  described  in  reference  1,  and 
have  been  converted  to  the  corresponding  full-scale 
values.  The  angle  of  attack,  a,  is  the  angle 
between  the  thrust  axis  and  the  vertical.  The 
angle  between  the  span  axis  and  the  horizontal  is  (p 
and  is  considered  positive  when  the  right  wing  is 
down.  The  angle  of  sideslip,  p,  is  approximately 
equal  to  9 • o,  where  o is  the  helix  angle  (angle 
between  flight  path  and  the  vertical),  (Inward  side- 
slip is  considered  positive  in  a right  spin,  and  negative 
in  a left;  a is  considered  positive  in  a right  spin 
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and  negative  in  a left.)  For  the  XF4U-1  model  spins, 
the  numerical  value  of  o averaged  about  3®. 

Recoveries  were  measured  by  the  number  of  turns 
the  spinning  model  made  from  the  Instant  the  controls 
were  observed  to  move  until  the  spinning  motion  ceased. 

DISOUSSIOH 

Comparison  between  model  and  airplane  spin 
results  (references  1 and  2)  indicates  that  because 
of  scale  and  tunnel  effect,  absence  of  detail  in  the 
model,  and  differences  in  operators’  technique,  the 
spin-tunnel  results  are  not  always  in  complete 
agreement  with  full-scale  spinning  data.  In  general, 
for  a given  loading  condition  and  control  setting,  the 
model  steady-spin  results  have  shown  a somewhat  smaller 
angle  of  attack,  a somewhat  hig;her  rate  of  descent, 
and,  at  a given  angle  of  attack,  from  5^  to  10®,  more 
outward  sideslip.  The  comparison  made  in  reference  2 
showed  that  SO  percent  of  the  model  recovery  tests 
predicted  satisfactorily  the  corresponding  full-scale 
recoveries,  10  percent  overestimated  the  full-scale 
recoveries,  and  10  percent  underestimated  the  full- 
scale  recoveries. 

The  majority  of  test  spins  were  made  to  the  right 
though  a number  of  check  spins  were  made  to  the  left. 
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Unless  otherwise  specified,  the  following  dlscuseion 
concerns  rl^t  spins  of  the  model  with  the  original 
(larger)  vertical  tall  surface. 

Chart  I and  table  1 show  the  effect  of  control 
settings  on  the  steady  spin  and  recovery  character*- 
istics  of  the  XFl)U-i  model  in  the  normal  loading  con- 
dition. In  the  normal  condition  the  model  would 
spin  only  with  the  rudder  held  for  the  spin.  The 
flattest  spins  occurred  with  up  settings  of  the 
elevator  and,  in  general,  there  was  a progressive 
steepening  of  the  spin  as  the  elevator  was  lowered 
to  its  normal  maximum  downward  deflection  of  20®. 

Further  downward  deflection  of  the  elevator  tended 
to  flatten  the  spin  slightly.  Setting  the  ailerons 
against  the  spin  tended  to  decrease  the  angle  of  attack 
and  increase  the  rate  of  descent  for  neutral  and  down 
settings  of  the  elevator  but  had  little  effect  for  up 
settings  of  the  elevator.  Setting  the  ailerons  with 
the  spin  had  little  effect  on  the  steady  spin  for  any 
elevator  setting.  The  slov/est  recoveries  were  effected 
from  spins  with  up  settings  of  the  elevator;  the  fastest, 
from  spins  with  down  settings  of  the  elevator.  In  general, 
setting  the  ailerons  with  the  spin  retarded  recovery, 
and  setting  the  ailerons  against  the  spin  improved  recovery. 
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Recoveries  effected  by  simultaneous  reversal  of  rudder 
and  elevator  were  faster  than  the  recoveries  effected 
by  reversal  of  rudder  alone.  Recoveries  attempted 
by  neutralising  the  rudder  were  slow  and  unsatisfactory. 

The  effect  of  opening  the  cockpit  is  presented  in 
table  2 (steady  spins)  and  chart  II  (recoveries).  The 
effect  on  both  the  steady  spin  and  recovery  character- 
istics of  the  model  was  small  and  Inconsistent. 

The  effect  of  lowering  the  flaps  (and  drooping  the 
ailerons)  is  shown  in  chart  III.  »^ith  the  flap  setting 
60®,  the  landing  gear  retracted,  the  elevators  full 
up,  and  with  the  ailerons  set  with  the  spin  (right 
aileron  up  15°,  left  aileron  down  25°),  the  model 
appeared  to  recover  of  its  own  accord  when  launohed  in 
a spin.  K^ith  the  ailerons  set  against  the  spin,  however, 
the  model  would  continue  to  spin  even  after  the  rudder 
was  reversed  in  an  attempt  at  recovery. 

Neutral  and  down  settings  of  the  elevator  with 
aileron  settings  neutral  or  against  the  spin  produced 
fast,  flat  spins  from  which  recovery  ivas  either  uncertain 
or  unsatisfactory.  Setting  the  ailerons  with  the  spin 
produced  steeper  spins  from  which  recovery  was  effected 
more  rapidly.  In  general,  the  effect  of  lowering  the 
landing  gear  was  small  except  when  the  ailerons  were 
set  against  the  spin.  rilth  the  ailerons  set  against 
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the  spin,  the  spins  with  the  landing  gear  down  were 
steeper  than  the  correspcndir^  spins  with  the  landing 
gear  up,  and  recovery  was  effected  more  readily, 

•ifith  the  flaps  down  only  (using  the  drooped 
aileron  settings  corresponding  to  60°  flap  deflection) ^ 

the  spins  were  generally  steeper  and  the  recoveries 
faster  than  the  corresponding  spins  with  60®  flaps, 
for  the  oases  with  ailerons  a^^inst  the  spin. 

In  many  Instances  where  flap  deflections  are 
accompanied  by  a drooping  of  the  ailerons,  the  detrimental 
effect  of  the  combination  on  the  recovery  characteristics 
of  the  model  can  be  attributed  largely  to  the  drooping 
ailerons.  This  is  not  true  for  the  XF4U-1  model, 
however,  as  may  he  seen  from  chart  IV,  which  clearly 
illustrates  the  adverse  effect  of  the  flap  alone* 

To  afford  a ready  comparison,  the  effect  of  the 
flaps  and  other  landing  combinations  on  the  recovery 
characteristics  of  the  model  have  been  summarized  in 
chart  II.  It  will  be  observed  that  with  the  flaps  up 
the  extension  of  the  landing  gear  had  little  effect  on 
recovery  except  with  the  ailerons  set  with  the  spin, 
in  which  disposition  the  landing  gear  had  an  adverse 
effect.  In  the  normal  landing  condition,  recovery 
was  generally  unsatisfactory. 
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The  effect  on  recovery  of  various  changes  in 
loading  la  given  in  table  3*  loading  associated 

with  the  slowest  recoveries  (and  hereafter  referred  to 
as  the  “worst  load")  was  obtained  by  extending  weights 
along  the  fuselage  (increasing  ly  and  by  30  percent  I 
This  loading  was  investigated  more  thoroughly  than  the 
others  and  the  results  of  the  investigations  are 
presented  in  chart  V. 

In  general,  the  effect  of  the  worst  load  was  to 
flatten  the  spin,  decrease  the  rate  of  descent,  decrease 
the  angular  velocity,  and  to  retard  recovery.  The 
effects  were  greatest  with  down  settings  of  the  elevator 
and  with  the  ailerons  set  against  the  spin,  although 
satisfactory  recoveries  were  not  obtained  for  any  control 
disposition.  The  model  in  this  loading  condition  would 
spin  with  the  rudder  neutral  unless  the  elevator  was 
held  up.  Recoveries  were  slow  and  unsatisfactory. 

A comparison  of  left  and  right  spins  may  be  obtained 
by  comparing  chart  Vi  with  chart  I.  In  general,  there 
was  little  difference  in  either  steady  spins  or 
recoveries,  except  with  the  ailerons  held  against  the 
spin,  with  which  control  disposition  the  left  spins  were 
definitely  steeper,  the  air  speed  being  so  high  that 
test  results  could  not  be  obtained.  The  difference  may 
be  attributed,  q\ialitatively , to  the  effect  of  the  fin  off- 
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Attempts  were  made  to  obtr^ln  inverted  spins  of  the 
model  in  the  normal  loading  condition  but  it  would  not 
spin  inverted  for  any  control  disposition. 

Since  unsatisfactory  recovery  was  obtained  for  many 
control  settings,  it  was  apparent  that  a structural 
modification  of  the  airplane  i?ould  be  necessary.  In 
the  Initial  attempts  to  Improve  the  recovery  character- 
istics of  the  model,  the  following  tall  modifications 
were  tried:  (l)  additional  area  in  front  of  the  vertical 

fin;  (2)  additional  area  on  the  rear  upper  portion  of 
the  rudder;  and,  (3)  additional  area  below  the  horizontal 
tail  surfaces.  The  optimum  location  for  additional 
area  appeared  to  be  below  the  horizontal  taili  Figure  2 
shows  the  size  and  location  of  one  of  the  most  effective  - 
additional  fins  tried.  Its  effect  on  the  recovery 
characteristics  of  the  model  is  tabulated  in  table  4. 

The  addition  of  this  area  (in  conjunction  with  the  tall 
wheel)  effected  satisfactory  recoveries  from  spins  from 
which  recovery  was  previously  uncertain  or  vinsatisfaotory. 
After  the  completion  of  these  tests  the  additional 
fin  \7as  removed  and  the  original  (larger)  vertical  tail 
was  replaced  by  the  modified  vertical  tail  shown  on 
Chance  Vought  drawing  CV-S-5593.  A comparison  of  the 
results  for  the  original  and  modified  vertical  tall 
surfaces  is  given  in  charts  Vn,  Vm,  and  IX.  in  the 
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normal  load, the  modified  (smaller)  vertical  tail  gave  only 
slightly  sloTser  recoveries  than  the  original  (larger) 
tall.  In  the  worst  loading  condition  and  in  the  normal 
loading  condition  with  flaps  down,  neither  tall  was 
very  satisfactory  although  on  the  whole  the  original 
tail  appeared  to  he  the  better.  Inoreasing  the  rudder 
deflection  from  -25®  to  was  tried  on  the  modified 

tall  but  the  effect  was  small. 

The  effect  of  adding  the  additional  area  shown  in 
figure  2 to  the  modified  tail  is  shown  in  charts  X and  Xj, 
•<lth  the  auxiliary  fin,  satisfactory  recoveries  were 
obtained  in  both  the  normal  and  the  worst  loading 
condition. 

Although  the  additional  fin  aft  of  the  tall  wheel 
gave  marked  improvement,  this  modification  was  not 
considered  to  be  practlc8.ble  on  the  airplane  and  other, 
more  extensive,  changes  were  investigated.  These  tests 
were  made  with  the  modified  (smaller)  tall. 

Attempts  were  made  to  Improve  the  recovery  character- 
istics by  changing  the  location  of  the  horizontal  and 
vertical  tall  surfaces.  The  first  of  these  latter 
modifications  consisted  of  a 10-lnch  (full-scale) 
elevation  of  the  horizontal  tail  surfaces  and  the  results 
of  this  investigation  are  presented  in  charts  Xil,  Xm, 
and  XIV, 
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lichen  the  elevator  was  full  up  it  interfered  with 
the  rudder  movement, so  at  this  time  no  Information  wae 
obtained  for  the  elevator  up  spins.  For  neutral  and  down 
elevator  settings,  however,  the  iniised  horizontal  tail 
effected  a marked  Improvement  for  all  the  loading  con- 
ditions and  aileron  dispositions  tested.  The  slowest 
recoveries  were  obtained  in  the  worst  loading  condition 

with  the  ailerons  neutral  and  the  elevators  down  (chart  Xll). 

(chart  Xiil)  and  in  the  normal  loading  condition  q 
In  the  normal  loading  condition/ with  flaps  deflected  bO 

(chart  XlV) , the  model  either  recovered  of  its  own 

accord  when  launched  in  a spin  or  spun  so  steeply  that 

its  rate  of  descent  was  too  high  for  the  tunnel.  M 

this  stage  the  model  suffered  considerable  damage 

(fig.  2)  in  a crack-up;  and,  in  the  course  of  rebuilding, 

the  usual  constructional  tolerances  were  somewhat  exceeded. 

The  results  obtained  after  the  rebuilding  of  the 
model  were  not,  in  general,  as  consistent  as  those 
previously  obtained. 

Following  this,  the  stabilizer  wae  restored  to  its 
normal  location  and  the  original  (larger)  vertical  tall 
successively  moved  10  inches  (full-scale)  and  20  inches 
(full-scale)  forward  of  the  normal  location.  The 
results  of  these  two  vertical  tail  modifications  are 
presented  in  charts  XV,  XVi,  and  XVii.  iffhlle  both  the 
10-indi  and  the  20-lnch  movements  were  superior  to  the 


normal  location,  neither  modification  resulted  in 
satisfactory  recoveries  from  any  but  the  normal  loading 
condition.  These  results  discouraged  further  research 
with  forward  movements  of  the  vertical  tail  alone 
and  recourse  ;vas  again  had  to  raising  the  stabilizer. 

Charts  XVm,  XiX,  and  XX  shovr  the  effect  of  raising 

the  stabilizer  5 inches  with  and  without  an  accompanying 

15-inch  forward  movement  of  the  vertical  tail.  The 

modified  (smaller)  tail  was  used  for  these  tests.  The 

5-inoh  stabilizer  movement  by  itself  resulted  in  only 

a minor  improvement, but  when  used  in  conjunction  with  a 

15-inch  forward  movement  of  the  vertical  tail  a more 

noticeable  improvement  resulted.  It  shoxild  be  noted, 

0 

however,  that  with  the  flaps  down  60  , the  elevator 
full  up,  and  the  ailerons  neutral,  recovery  by  rudder 
reversal  still  was  not  effected.  Placing  the  ailerons 
with  the  spin,  with  the  elevator  neutral,  steepened  the 
spins  so  greatly  that  the  rate  of  descent  was  too  high 
for  the  tunnel. 

It  was  thought  advisable  to  repeat  and  extend  the 
tests  ivith  the  stabilizer  raised  10  inches  in  an  attempt 
to  secure  results  for  the  elevator  up  spins  which  were 
not  obtained  originally.  This  was  done  and  these 
results  are  also  presented  in  charts  XViil,  XIX,  and  XX. 
Here  a peculiar  situation  has  presented  itself, 
particularly  as  regards  the  flap  results. 


kifben  the 
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model  was  in  the  original  condition,  recovery  was  very 
unsatisfactory  with  the  flaps  down  (chart  III) , Then, 
in  the  first  series  of  tests  with  the  stahillzer  raised 
10  Inches  (chart  XiV) , it  was  found  that  when  the  model 
was  launched  in  a spin  it  gradually  steepened  and 
eventually  recovered  without  movement  of  the  controls. 

«hen  these  latter  tests  were  repeated,  however,  after 
the  damage  to  the  model,  it  was  found  that  the  spins 
would  persist  and  that  recoveries  were  again  unsatisfactory 
(chart  XX) . The  steady  spin  appeared  to  he  extremely 
critical  so  that  slight  alterations  in  the  model  (such 
as  those  incurred  through  reconstruction,  etc.)  exerted 
considerable  Influence  on  the  type  of  spin  established. 

It  appears  that, despite  the  relatively  large  unshielded 
rudder  area,  the  rudder  itself  remains  ineffective  - 
possibly  because  of  the  turbulent  flap  wake,  which  is 
lower  than  usual  on  this  model  due  to  the  wing 
arrangement . 

Although  the  results  shown  in  charts  XVm  to  XX 
are  probably  not  as  accurate  as  those  previously  obtained 
(charts  Xii  to  XiV) , they  again  indicate  that  significant 
improvement  is  obtained  by  raising  the  horizontal  tall 
surfaces  10  inches.  The  Improvement  thus  obtained  is 
more  marked  than  the  improvement  due  to  raising  the 
horizontal  surfaces  5 liiches  and  at  the  same  time  moving 
the  vertical  surfaces  forward  15  inches. 
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CONCLU3IOHS 

The  model  spin  tests  of  the  XFifU-l  indicate  the 
following  spinning  characteristics: 

1.  In  the  high-speed  condition  with  normal  load, 
the  airplane  will  spin  nornially.  Recovery  by  rudder 
reversal  alone  will  probably  be  satisfactory  but  not 
rapid.  Rudder  reversal  followed  by  doTmxTard  deflection 
of  the  elevator  will  produce  faster  recovery.  Up 
settings  of  the  elevator  and  aileron  settings  v;ith  the 
spin  will  retard  recovery;  down  settings  of  the  elevator 
and  aileron  settings  against  the  spin  will  improve 
recovery. 

2,  In  the  landing  condition  (flaps  and  wheels 

down,  ailerons  drooped,  and  cockpit  open)  satisfactory 
recoveries  by  rudder  reversal  will  be  effected  only  if 
the  elevator  is  held  full  up  and  the  ailerons  are  held 
full  with  the  spin  prior  to  the  recovery  attempt. 

3«  Recovery  from  inverted  spins  will  be  rapid. 

An  increase  of  weight  along  the  fuselage  may 
retard  recovery  considerably.  Other  reasonable  mass 
changes  will  have  a lesser  adverse  effect, 

5.  The  optimum  location  for  additional  fin  area 
is  directly  below  the  horizontal  tail  surfaces. 

6.  A 15- inch  (full-8ca.le)  forwa.rd  movement  of  the 
vertical  tail  surfaces  accompanied  by  a 5“inch  (full-scale) 
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elevation  of  the  horizontal  tall  surfaces  will  Improve 
the  recovery  characteristics  somewhat. 

7 • Considerable  improvement  In  recovery  character- 
istics y/lll  result  If  the  horizontal  tall  surfaces  are 
raised  10  inches  (full-scale). 

8.  The  modified  (smaller)  vertical  tall  surfaces 
will  not  be  as  effective  as  the  original  (larger)  tall 
but  should  prove  satisfactory  if  additional  fin  area 
Is  added  below  the  horizontal  tail  and/or  the  horizontal 
tail  surfaces  are  raised. 
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INTRODlTCTIOn 

The  Invest;! cat! on  heroin  described  was  undertaken 
at  the  request  of  the  Btircau  of  Aeronautics,  Navy 
Department.  The  test  program  included  the  study  of 
both  the  seaplane  end  lendplane  types.  On  both  ver- 
sions of  the  m«5del  the  effects  of  loading  changes  and 
control  dispositions  wore  eaientned  and  on  the  seaplane 
the  effect  of  the  cowled  and  uncowlod  engine  was 
investigated. 

Prollnina'i'y  resulta  of  the  inv9Qt5,£ation  have 
already  been  forwarded  to  the  Buroau  of  Aeronautics, 

APPARATUS  Al^iD  MODEL 

The  tests  were  conducted  in  the  IT.  A.  C.  A.  free- 
spinning  wind  tunnel  as  described  in  reference  1. 

The  1/16-3 cnle  jr^odel  was  built  by  the  H.  A.  0.  A. 
In  aecoi’dcnce  idth  drawing  Nos.  680775  G'J'JlS,  6771? > 
67718,  end  67719  of  the  Naval  Aircraft  Factory, 
Philadelphia.  Tlie  ftJ.ll-scalo  weights,  the  center-of- 
gravlty  locations,  the  momenta  of  inertia,  and  the 
length  find  location  of  the  mean  aerodynamic  chord  were 
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obtained  fron  Report  No.  2C75  drav;:lnss  Hos . 67?!  - 
and  67719  of  the  Naval  jvircraft  Ractorj. 

The  model  was  corxStructed  principally  of  Imlsa  vrood. 
A clockwork  mechanism  was  insta3.1cd  to  novo  the  controls 
during  recovery  tests.  Lead  ballast,  ouitabl^r  located, 
served  to  bring  the  weights,  the  nxonents  of  inertia,  and 
the  center- of -gravity  locrxtions  to  their  appropriate 
scaled-down,  values . The  riorlel  was  fii’st  tested  as  a 
seaplane,  vdth  one  main  float  said  wio  auxiliary  wing- 
tip  floats.  I'or  the  londplane  tests,  l,he  floats  were 
removed  and  a fixed  type  landing  gear  installed. 

The  weight  and  the  mass  distribution  of  the  I’odel 


were  held  to  the  true  scalccl-a;X7n  values  Ydtliln  the 
follov;lng  limits;  , 


height  *1  percent. 

Center- of- gravity  locations  ij.  percent. 


S c apis no 


-5  to  5 percent. 


.-y  -o  to  0 xiercent... 

Ig  -1  to  5 percent- 

f 

Figures  1 and  2 shov;  tlio 
and  landplane,r aspectlvoly , 


y ;;o%lane 
“ii-  to  .?.  percent. 

' to  -2  porcent. 
to  1 percent. 


nodel  a.s  a seaplane 


•*  3 “ 

TEC;T  C -’IDITIOrr 

raxiiruTii  control  dlspXpceinents  of  ~30  degrees  for 
the  rudder  and  55  degrees  v.;;  and  25  degrees  dovm  for  the 
elevator  were  supplied  bjr  the  Ifaval  Aircraft 
Fajt:r-7„  The  relative  Etic’r  and  aileron  inovenenta 

were  obtained  from  the  drav;ing  ”o.  67717  of  the  Naval 
Aircraft  Factory. 

The  normal  loading  condition  of  the  seaplane  and 
lendplane  r.iodels  correspondedp  within  the  limits  of 
accuracy  previously  monddoned,  to  the  followirig  msss 


distribution 

of  the  fi"  11" sc  ale  air 
Seaplane 

pi  fines : 

Landplane 

'■’eight 

2,755 

2,805 

Lb. 

x/c 

0.2o7 

0.295 

z/c 

(]-clow  ) 

( Above  ) 

O.OiO  (Tln-ust  Line) 

-0.017 

(Tlirust  Line) 

"x 

2,20l|.  slug"ft“ 

1,535 

_2 
slug-Tt . 

2,627  slug".fti 

2.365 

a 

slug-ft. 

where 

5,921  slug"f/! 

3/I-37 

slug-ft. 

x/c  is 

the  ratio  of  i-ho  diet 

10103  of  the  center  of 

gravity  aft  of  the  leadli?g;  edge  of  the  mean 
aerodynajnic  choou  to  the  inean  aerodynamic 
chord , 

z/c  is  the  ratio  of  the  distance  of  the  center  of 
gravity  from  the  thrust  line  to  the  mean  aero- 


dynamic chord. 


Ij,  and  I2  arc  the  mocionts  of  inertia  about 
the  body  axes  X,  Y,  and  Z,  reBpoctlvely. 

The  seaplEine  model  was  tested  at  an  equivalent  test 

3 

altitude  o7  6^000  feet  (p  — CoOO.5.988  Si-ags/fTEo).  The 
landplane  model  ?;gs  tested  at  011  equivalent  test  altitude 

j 

of  10,000  feet  (p  = O.OOI756  slucs/ff, . ; . 

Tests  were  also  conducted  with  the  models  in  other 
loadings  conditions.  To  obtain  these  loading  variations, 
provision  was  made  for  <? Istrlhutin^j  v^si/jht  along  the 
v/lngs  (changing  the  nomcr-ts  of  inerth.  pp.d  Ig),  for 
distributing  weight  along  the  fuaela,._,o  {changing  the 
moments  of  inert!  e ly  and  fuselat^e 

wel^ts  fore  end  aft  (cha'^Glng  the  center-of-gravlty 

position) , 

Apart  from  a few  comrarisor.  tests  conducted  with 
the  cowled  engine,  all  of  the  seaplane  tests  v:e2»e  per- 
formed with  the  uncowled  engine.  All  of  the  landplano 
tests  v;ere  perfoiv.sd  v/itla  the  co^vled  engine.  3)uring 
the  landplane  tests  the  t-nil  wheel  was  pun’posely  omitted 
as  this  tends  tov/ard  moro  con£er-\fatlv’’e  iiodel  toE-t  results. 

PRIsCISIOh 

The  accuracy  of  the  me  id  re suite  is  believed  to 
be  within  the  following  limits : 


V percent . 

nb/2V  percent. 

■*■-7  - 

a -5  degrees . 

^ il  degree. 


Turns  for  recovery  --  - -l/i|.  turn. 


The  preceding  lin5.t.s  nay  be  exceeded  for  certain 
cases  Ttfiere  it  is  difficv.lt  to  handle  the  spin  in  the, 
tunnel  due  to  the  high  air  speed  or  to  the  wandering  or 
oscillatory  nature  of  the  spin, 

R3:?^ULT3 

The  results  of  the  investigation  are  presented  in 
charts  T - xv,  table  1,  and  figure  3.  The  steady-spin 
parameters  presented  In  tlio  charts  were  determined  by 
metliods  described  in  reference  1,  tind  have  been  converted 
to  the  corresponding  full-scale  values.  The  angle  a 
is  the  angle  between  the  thrust  axis  snd  the  vertical. 
p is  the  angle  betv/oen  the  span  (Y)  axis  and  the 
horizontal,  aid  is  considered  positive  v/hen  the  in- 
board wing  is  below  the  horizontal.  The  angle  of 
sideslip,  p.  Is  approxinatoly  equal  to  f.  - rj,  where  0 
is  the  helix  angle  (angle  between  flig}:it  path  and  vertical), 
Inwcird  sid3slip  is  considered  positive | o is  also  considered 
positive.  For  tt  e ir3I'I~3  model  spins  <'  averaged  about 
7 degrees  .for  the  senjjlcno  and  about  6 degress  for  the 
landplane . 

]';ecoveries  were  measured  by  t'lo  number  of  turns 
tile  spinning  model  made  t.he  time  t:ae  controls  were 

obser\’'ed  to  move  unt5,l  the  spirnriing  rotation  ceased. 

DISCU3SI0H  OF  RESULTS 

Compai'lson  between  model  and  airplane  spin  results 
(reference  2)  Indicates  that  because  of  scale  and  tunnel 
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effects,  absence  of  detail  in  the  ricdel,  and  differences 
In  operator’s  technique,  the  spin- tunnel  results  are  not 
always  In  conplete  agrooKent  ^'?11di  full-scale  splnnln^^ 
data.'  In  general,  for  a given  loading  condition  and 
control  setting,  the  model  steady-soin  results  have 
shown  a sanicwhat  saaller  angle  of  attack,  a soriewhat 
higher  rate  of  descent,  and,  at  a given  angle  of  attack, 
from  5 degrees  to  10  degrsQvS  more  outward  sideslip. 

The  comparison  made  in  reference  2 showed  that  f>0  per- 
cent of  the  model  recovery  tests  predicted  satisfactorily 
the  corresponding  full-scale  recoveries,  10  percent 
overestimated  the  full-scale  recoveries,  and.  10  percent 
underestimated  the  full-scale  recoveries . 

With  the  exception  of  a few  left  sj-'ins  which  were 
run  for  purposes  of  compai*ison,  the  majority  of  the  test 
spins  were  made  to  the  right . 

£Ei^PL.SE  INVESTIGATI  JN 

Charts  I throvigh  VITI  prtcsent  grapli3.cally  the  results 
of  t.he  seaplane  investigation.  Chart  I itiows  the  effect 
of  various  control  dispositions  on  the  steady  sj>ln  and 
recovery  characteristics  of  the  ripW-J  seaplane  model  in 
the  normal  loading  condition.  Recoveries  rudder 
reversal  alone  v/ere  generally  satisfactory  for  all  control 
settings.  In  recoveries  from  elevator  down  spins  there 
was  a tendency''  for  the  model  to  enter  m inverted  spin. 
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Difficulty  was  experienced  5.n  atteraxitlns  to  reproduce 
several  of  the  spins  in  the  normal  loading  condition, 
particularly  if  the  elo7atc:.'s  vrero  full  do'«7n.  The 
spinning  equilibii’ui  was  apparently  unstable  and  if  the 
model  were  not  launched  in  the  appropriate  attitude  for 
each  spin,  the  model  v;ould  recover  of  its  ov/n  accord. 

The  fastest  recoveries  occunedvdth  the  elevator 
full  up.  The  aileron  effect  v/as  small.  With  tdie 
elevators  full-u.p,  deflection  of  the  ailerons  in  either 
direction  had  little  effect  on  either  the  steady  spins 
or  recoveries.  With  the  elevator  neutral  deflecting 
the  ailerons  full  with  the  spin  tended  to  stecr;en  the 
spin,  while  deflecting  the  ailerons  against  the  spin 
produced  oscillatory  spinswliich  were  very  difficult  to 
hold  In  the  txinnel.  With  the  elevators  full  down  the 
model  would  not  sp3.n  with  the  ailerons  full  with  the 
spin. 

The  model  v/ould  not  spin  with  the  rudder  held  neutral 
or  against  the  spin  for  any  olevatoi’-alleron  disposition, 
except  with  the  rudder  held  neutral,  tdio  elevators  up, 
and  the  ailerons  full  with  the  spin. 

Chart  II  esiphasi.'ses  the  Inportaice  of  a rapid  and 
complete  reversal  of  the  rudder  during  the  recovery 
maneuver.  Recoveries  effected  by  simply  neutralizing 
the  rudder  were  slow,  particularly  with  the  elevators 
down.  Pecoverles  by  releasing  the  rudder,  although 


faster  than  those  ohtainod  by  neutralizing  the  rudder, 
v/ercj  much  inferior  to  tiiosc  obtained  by  complete  nidder 


reversal. 

The  effects  of  various  mass  chani^^ea  were  also  deter- 
mined, Chart  T £I  llliistratea  the  effect  of  center-of- 
QT&vlty  movement,  moveraent  of  the  center  of  gravity  either 
slightly  forward  or  aft  had  no  great  effect,  and  similarly 
increasing  the  lateral  loass  distribution  by  adding  weights 
along  the  vdngs  (increasing  and  ig.)  (ctiart  IV)  liad 
little  effect  on  recovery  clio-raeteristics . 

Increasing  the  longltiidiiifi.1  mass  distribution  by 
extending  weights  along  the  fuselage  (increasing  ly  and 
Ig ) was  somewhat  det.vi'C'.oitai  to  recovery  eind  the  results 
of  this  investigation  are  presented  in  chart  V.  The 
loading  associated  with  the  slowest  recoveries  (and 
hereafter  refeied  to  as  tho  "\/orot  load")  was  obtained 


by  Increasing  ly  and  by  22  percent  ly.  This  loading 
has  bec5n  lnvesr.l;.atcd  more  thoroughly  than  the  otners 
and  the  results  ar-e  rreaentocl  in  chart  '«  T. 

In  general,  the  sniris  vi  th  the  worst  load  v;er© 


slightly  flatter  tiian  the  correspondii-g  ay  ins  in 
normal  load  and  the  recoveries  were  longer,  the  greatest 


effect  being  W'ith  the  elevators  down.  The  model  would 
. , or 

not  spin  with  the  rudder  held  neutral/ against  th©  sp  in. 


This  particular  loadlnt;,  however,  is  unlikely  to  be 


encountered  in  practice. 

Chart  VII  affords  a comparison  bet%veen  left  erect 
spina,  right  erect  spins,  and  right  inverted  spins. 
Considerable  difficulty  v;as  experienced  obtaining  left 
spins  because  of  their  wandering  nature,  particularly 
when  the  ailerons  were  set  against  the  spin. 


Althoutdi  the  left  and  rlglit  £^>lns  were  in  general 
agreeinent,  there  were  a few  marked  differences  leading 
to  the  inference  that  in  these  instances  the  model  may 
have  been  ca.  able  of  s^  Imilng  in  two  distinct  regimes. 


Hocoveries  from  all 


the  3^. ins,  ixowever,  were  rai  ld. 


Ihe  seaplane  model  would  s,  in  inverted  for  only 
three  aileron- elevator  dispositions.  Lecoverles  by 
rudder  rev^^rsal  were  effected  ra]  idly. 


Chart  VIII  indicates  that  both  the  cowled  and 
uncowl ed  engines  gave  substantially  the  sarae  results. 


LAlIDl  LARS  IJIVSST IGAT 10  R 


The  remaining  olmrts,  chart.- ix  tlipough  xv,  pertain 
to  the  R3U-3  model  tested  as  a landplane.  The  landplane 
was  spun  with  the  cowled  engine  in  place,  uiid,  in  view 
of  the  negative  results  rrowiously  obtained  with  the 
seaplane,  no  check  spins  to  deter-mlne  the  effect  of  the 
cowling  were  made.  The  tai.l  wheel  wa.s  off  for  «n  land- 
piano  tests. 


Chart  IX  shoves  the  effect  of  control  disposition 
on  the  steady  spin  ciiaracteristics  of  the  l'5N-5  land- 
plane  model  in  the  nonaal  loading  condition.  In  general, 
the  steepest  spins  and  fastest  recoveries  occurred  with 
the  elevator  full  up.  The  steady  spin  becaiae  flatter 
for  neutral  and  down  elevator  settings  and  the  slowest 
recoveries  were  generally  effected  from  spins  with  the 
elevator  full  do^m.  Ailerons  set  with  the  spin  steep- 
ened the  spin  somewhat  and  assisted  recovery.  Ailerons 
set  half  “'With  the  spin  prodViCed  lessor-  effects.  Ailerons 
set  one  half  against  the  sj^in  flattered  the  spin  some- 
what but  had  litble  effect  on  the  recovei’y  characteristics. 
V.lth  the  e:xccptlon  of  the-  elcvater-u^  spin,  setting  the 
ailerons  full  against  the  spin  also  flattened  the  spin 
altiiough  the  recoveries  vere  slightly  faster  than  those 
obtained  with  the  ailoronr.  only  half  against  or  neutral. 

With  the  exception  of  one  spin,  rudder  neutral, 
eleva  >^r  uv  , ailerons  with,  the  spin,  the  model  would  not 
spin  w;ith  the  rudder  hel<3  neutral  or  ftill  .7pjainst  the 
spin.  It  vill  Le  observed  that  these  results  agree 
siualltatlvely  with  those  obtained  for  the  seaplane  (chart  I) 
Chart  X brings  out  the  iivipoitance  of  complete 
niddsr  reversal  for  recover'  . This  ciiart  siioxvs  that 
recovery  by  neutralizing  the  rudder  was  much  slower  than 


" ' .1  ■" 

recovery  efl’ected  by  cciixlfite  and  rai:)id  reversal  of  the 
rudc’er  alosie.  i allure  to  conaidor  this  riay  lead 

to  slc,.wer  recoveries  in  than  annldi^atec.. 

As  in  the  case  of  th?;  poaj,,:nmo,  noderate  cnan^es 
in  c*  g«  location  (chart  hi)  micl  in  cii otribatich  of  T.elgiit 
along  the  wings  (chart  :,x::)  hiid.  effect  and 

the  loading  as scjciated  vdth  the  slowest  I’ecoverios  (and 
called  the  worst  load)  v;as  obtained  by  adding  weights 
along  the  fuselage,  I’or  the  landplane  this  loading 
consisted  of  incroasing  l,,  and  l by  30  percent  of  I , 

v'  lo  y ^ 

and  the  effects  of  this  loading  are  presented  in  charts 
XIII  and  XIV. 


In  general,  the  effect  of  the  t orst  load  was  to 
flatten  the  spin  soLievjhat  and  increase  the  turns  for 
recovery.  iho  slowest  rcccvcrles  again  were  obtained 
from  the  eicvator-rbwn  and  the  fastest,  frc/r. 

elevator-up  spina.  ihc  aileron  effect  was  quite  rnrked. 
In  the  worst  ioad,  ailerons  wlt;h  the  spin  gave  steeper 
^Ins  than  those  wiich  wore  obtained  with  the  norml 
loadi.ng.  Ailerons  against  the  spin  flattened  the  spin. 

It  should  be  noticed  that  ainply  neutralising  the  rudder 
failed  to  effect  a recovery  from  the  elevator-down  spin 
With  the  ailerons  neutral.  Aa  is  apparent  from  the  chart, 
the  model  would  spin  In  the  worst  loading  with  the  rudder 
neutral  for  several  elevator-aileron  dispositions,  but 
would  not  s}  in  for  any  elevator-ailvoron  dispositions  with 
the  rudder  against  the  spin. 


12  - 


Chart  XV  contains  a conparison  of  left  and  right 
spins  of  the  landplane  nodal  In  the  worst  loading  condition. 
These  tests  Vi?ere  run  in  the  worst,  rather  than  the  normal 
load  to  facilitate  teoting.  The  left  spins  wore 
apparently  slightly  steeper  than  the  right  spins  hut  the 
discrepancies  are  snail  and  migb.t  easily  be  due  to 
asyi-imetry  in  the  liodei  incurred  during  the  prolonged 
series  of  tests. 

Chart  XV  also  includes  iiiver-ted  ri^ht  st,  ins  of  the 
landplano  model  in  the  norjiial  loading  condltioa.  in 
this  condition  the  model  would  spin  for  only  three  control 
dispositions  and  recoveries  fi'om  all  thi'es  spins  Virere 

rapid, 

COMPARISON  OP  LANDPLAI'RS  AND  SEAPLANE 

In  the  normal  loading  condition  tho  landplano  spins 
were  generally  easier  to  hold,  than  the  seaplane  spins. 

The  landplane  tended  to  give  slightly  flatter  spins  with 
consequent  longer  recoveries  than  the  ro.'splane.  Both 
models  were  prone  to  give  spins  with  the  rudder  held 

neutral,  the  elevator  up,  and  tlio  ailerons  full  with  the 
spin. 

The  effect  of  co.O'.rol  disioaltion  on  the  s^-inning 
characteristics  of  the  two  models  wao  sir.ilar.  Parallel 
effects  were  also  observed  for  variations  in  mass 
distribution  and  center-of-gravlty  location. 

A rigid  comparison  of  the  two  models  cannot  be 
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made  at  this  tine  since  the  tv;o  versions  of  the  nodel 
^ere  tested  at  slightly  dirierent  enuxvalent  altitudes 
(6,000  feet  for  the  teai-lsne,  10,000  feet  for  the 
landplane).  ic  be  i:entloned,  ..ov.ever,  tliat  in 

general  It  has  been  observed  tiiab  the  effect  of  an 
increase  in  altitude  is  to  flatten  the  spin  sonewhat 


and  to  retard  recovery, 
for  the  inferior  recovery 
the  landplane  model. 


ihis  may  partially  account 
characteristics  exliiblted  by 


lAih  KODIPICATIOiJ  TKLT.' 

Although  both  the  aeaplfflne  and  landplane  modela 
exhibited  good  eplnnlng;  olmracteristlca.  It  nas  thought 
advisable  to  run  a series  of  tests  with  vai-lous  tail 
■"odlflcatlons  in  order  to  deter-nlne  which  locations  for 
additional  area  were  „ost  effective.  'ihese  tests  were 
perforr.od  on  the  is  believed  that  the 

results  are  equally  apaicaWe  to  the  sear  lane  ...odel  as 
’'Oil.  A nunibor  of  auxllLuy  fins  {of  approxl.mtely 
equal  area)  were  tried  1„  various  locations  about  the 
bidder  and  their  effects  studied.  pio^a  3 shows  three 
Of  the  best  and  one  of  tire  worst  auxiliary  fins  tried. 
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The  invest i£;ation  iP  eura-iariaod  in  table  i. 

The  region  in  the  vicinity  ol‘  auxiliary  fin  C 
appears  to  he  the  optiEiura  location  for  additional  fin 
area*  The  u^per  rear  portion  of  tiie  rudder  (fin  A) 
also  seems  quite  good.  The  region  irmnediately  forward 
of  the  vertical  fin  la  definitely  e poor  location. 

COI'ICLUSIOUa 

On  the  basis  of  the  model  tests,  the  following 
recovery  technique  is  recorxaendcd  for  both  the  N3H-3 

landplane  and  seaplane j 

i>uring  the  steady  spin  hold  the  stick 
full  back,  the  rudder  full  with  the  spin,  and 
the  ailerons  neutral,  i'or  recovery,  rapidly 
move  the  rudder  full  ag  ainst  the  in  and 
later,  after  an  adcltional  one-tialf  turn  has  been 
made,  bri skly  raove  the  elevator  full  down. 

Slow  control  Movements  sliould  bo  avoided, 
and  after  recovery  has  boon  effected  the  stick 
should  be  eased  back  to  avoid  the  possibility 
of  entering  an  inverted  spin. 

The  model  tests  of  the  ^■:3^j-»5  also  indicate  the 
following  spin  characteristics; 

Seaplane; 

1 , In  tiio  norji^al  loading  condition  the 
airplane  should  recover  rapldi.y  by  complete 
reversal  of  tlie  rudder.  The  fastest  recoveries 


aho\ild  be  effected  with  the  elevators  full 
up.  In  £;oneralj,  recoveries  effected  by 
neutralisslnt  t-r.e  rudder  will  be  unsatis- 
factory. 

8.  There  exists  coxae  dtxi  of  entcrlni, 
an  inverted  spin  froio  recoveries  with  the  elevators 
full  down. 

3.  liet'.conable  changes  in  raaea  distri- 
bution should  have  no  great  effect  upon  recovery 
characteristics. 

4.  Recovery  fron  any  inverted  spin 
by  reversal  of  the  rudder  should  be  rapid, 

5.  The  effect  of  a cov7l  over  the  engine 
should  be  negligible. 

landplano; 

1.  In  the  non.iel  loading  condition  the 
airplane  sloould  s,  in  noriiiaLly.  Lowering 
the  elevators  will  tend  to  flatten  the  Si-ln, 
rutting  tho  ailerons  with  the  sx in  will  tend 
to  steepen  the  spin.  J.ocoverles  effected  by 
rudder  reversal  stjould  bo  fastest  with  the 
elevator  up,  ]>ccoveries  effected  by  neutralizing 
the  rudder  should  be  s.;.cw. 

2o  There  exists  jniue  danger  of  entering 
an  Inverted  spin  from  recoveries  with  the 
elevator  full  down. 


1C 


3.  Keasonable  changes  in  mass  distj’lhutlon 
should  have  no  great  effect  upon  recovery  character- 
istics although  increased  loading  along  the  fuselage 

tend  to 

should^ retard  recovery. 

4.  iiecovery  from  any  inverted  15;  in  by  rudder 
reversal  should  be  rpA  id. 

5.  The  effective  rej^lona  for  additional 
vertical  tail  area  are  below  the  horizontal  tail 
siirfaces  and  around  the  rear  upper  portion  of 
the  rudder. 
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SPIN  TESTS  OP  TWO  MODELS  OP  A LOW-WING  MONOPLANE 
TO  INVESTIGATE  SCALE  EPPECT  IN  THE  MODEL  TEST  RANGE 

By  Charles  J.  Donlan  . 

SUMMARY 


Concurrent  tests  were  performed  on  a 1/16-  and  a 
1/20-scale  model  (wing  spans  of  2.64  and  2.11  ft,  respec- 
tively) of  a modern  low-wing  monoplane  in  the  NACA  15- 
foot  free-spinning  wind  tunnel.  Results  are  presented  in 
the  form  of  charts  that  afford  a direct  comparison  be- 
tween the  spins  of  the  two  models  for  a number  of  differ- 
ent conditions. 

(Qualitatively,  the  same  characteristic  effects  of 
control  disposition,  mass  distribution,  and  dimensional 
modifications  were  indicated  by  both  models,  c^uantita- 
tively,  the  ntunber  of  turns  for  recover  and  the  steady- 
spin  parameters,  with  the  exception  of  the  inclination  of 
the  wing  to  the  horizontal,  were  usually  in  good  agree- 
ment . 

The  results  presented  indicate  that,  within  the 
range  of  Reynolds  niuabers  used  in  the  present  investiga- 
tion, such  factors  as  difficulty  of  ballasting  and  test- 
ing are  more  important  in  determining  proper  model  size 
than  the  changes  in  scale  effect  likely  to  result  from 
the  use  of  different  sizes  of  models. 


INTRODUCTION 


The  size  of  models  used  for  testing  in  the  NACA  free 
spinning  wind  tunnel  is  usually  dictated  by  considera- 
tions of  tunnel  operating  technique  and  ease  of  ballast- 
ing. 'With  large  models  the  actual  testing  is  often  dif- 
ficult; with  small  models  the  proper  mass  or  inertial 
balance  is  difficult  to  obtain.  In  general,  the  partic- 
ular choice  of  model  size  is  somewhat  arbitrary  because 
usually  more  than  one  size  can  be  tested.  It  was  there- 
fore considered  expedient  to  determine  to  what  extent  the 
experimental  results  vary  with  the  actual  size  of  the  mod 
el  tested. 
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At  the  present  time,  little  information  is  available 
concerning  the  effect  of  size  or  scale  within  the  model 
test  range  on  the  spin  characteristics  of  dynamic  scale 
models..  With  the  exception  of  a British  report  (reference 
l),  which  contains  some  rolling-balance  results  for  two 
s imilar  models , and  of  reference  2,  which  mentions  the 
effect  of  scale  on  the  data  obtained  from  the  spinning  bal- 
ance, previous  scale-effect  investigations  have  been  qon- 
cerned  v;ith  the  comparison  of  model  results  and  full-scale 
results. 

This  paper  presents  the  results  of  an  investigation 
made  in  the  NACA  free-spinning  wind  tunnel  to  compare  the 
spin  cha.racteristics  of  a 1/16-  and  a l/20-scale  model  of 
a modern  low-wing  monoplane.  The  investigation  Included 
a comparison  of  results  for  the  steady-spin  and  the  recov- 
ery characteristics  of  the  two  models  as  regards  the  ef- 
■fects  of  control  disposition,  mass  distribution,  and  dimen 
sional  modifications. 


SYMBOLS 


moments  of  inertia  about  model  body  axes,  X, 
Y,  and  respectively 


b span 


c mean  aerodynamic  chord  of  wing 

x/c  ratio  of  distance  of  center  of  gravity  back 
of  leading  edge  of  mean  aerodynamic  chord 
to  mean  aerodynamic  chord 

z/c  ratio  of  distance  of  center  of  gravity  below 
thrust  line  to  mean  aerodynamic  chord 


a angle  of  attack 
V air  speed 

^ angle  of  span  (Y)  axis  to  horizontal  (positive 
when  right  wing  is  below  the  horizontal) 

Ra  Reynolds  number  of  full-scale  airplane 

Rj^  Reynolds  number  of  model 
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N scale  of  model  (l/16,  1/20,  etc.) 
6e  elevator  deflection  (positive  up) 
Q resultant,  angular  velocity 


APPARATUS  AND  MODELS 


The  tests  were  performed  in  the  NACA  15-foot  free- 
spinning  wind  tunnel,  as  described  in  reference  3. 

A 1/16-  and  a 1/20-scale  model  of  a modern  low-wing 
monoplane  trainer  with  fixed  landing  gear  were  tested. 

The  wing  spans  of  the  models  were  2.64  and  2.11  feet, 
respectively.  Photographs  of  the  models  are  shown  in 
figure  1.  The  models  were  constructed  principally  of 
balsa.  For  both  models,  wing  and  tail-surface  contours 
were  held  to  their  true  dimensions  to  within  ±0.01  inch; 
all  other  dimensions  under  6 inches  v/ere  held  to  within 
±0.02  inch;  all  other  dimensions  over  6 inches  were  held 
to  within  ±0.05  inch;  and  angular  relationships,  such  as 
wing  setting,  sweepback,  and  control  settings,  were  held 
to  within  ±0.5°. 

Lead  ballast  added  at  suitable  locations  served  to 
bring  the  weight,  the  moments  of  inertia,  and  the  center- 
of-gravity  locations  to  their  appropriate  values,  A 
clockwork  mechanism  was  installed  on  each  model  to  hold 
the  controls  in  position  during  thn  steady  snins  and  to 
actuate  the  controls  during  the  recoveTy  tests.  The 
weights,  the  moments  of  inertia,  and  the  center-of-gravity 
positions  of  the  two  models  were  held  to  their  true  scaled 
down  full-scale  values  within  the  following  limits! 

Weight,  percent  

Center-of-gravity  position,  percent  M.A.C ± 

Moments  of  inertia,  percent: 

1/20-scale  model 


-1  to  5 

ly  ................. 

1 -6  to  0 
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1/16-scale  model 

—3  to  3 

ly... 0to6 

I, 1 to  7 

The  maximTirn  control  displacements  used  during  the 
tests  were  ±30°  for  the  rudder,  30°  up  and  20°  down  for 
the  elevator,  and  30°  up  and  17®  down  for  the  ailerons. 


TEST  CONDITIONS  AND  METHODS 


Tests  were  performed  with  the  two  models  represent- 
ing the  same  equivalent  full-scale  conditions.  The  normal 
model  loading  conditions  corresponded,  within  the  limits 
of  accuracy  previously  indicated,  to  the  following  full- 
scale  mass  distribution.  This  macs  distribution  is  con- 
sidered to  be  typical  of  a modern  low-wing  monoplane. 

Weight,  lb 4340 

x/c 0.248 

z/c 0.126 

Ij,  slug-ft*  2479 

ly,  slug-ft®  . 3876 

I2,  slug-ft*  5776 


The  model  tests  were  performed  under  conditions  that 
were  equivalent  to  spinning  the  full-scale  airplane  at  an 
altitude  of  7000  feet. 

Tests  were  performed  on  the  two  models  to  compare  the 
effect  of  changing  the  mass  distribution.  The  particular 
mass  variation  investigated  consisted  in  Increasing  the 
moments  of  inertia  ly  and  percent  of  ly. 

This  loading  was  obtained  on  the  models  by  extending 
weights-  along  the-  fuselage  ; it  Is' hereinafter  referred  to 
as  the  "modified”  loading  condition. 


Tests  were  conducted  to  determine  the  effect  of  di- 


NACA  Tedhnical.  Hqte  No,.  807 


5 


menslonal  modifications  on  Ijoth  the  normal  and  the  modi- 
fied loading  conditions.  Two  auxiliary  fins  of  the  size 
and  location  shovrn  in  figure  2 were  tested  independently 
on  the  two  models. 

Concurrent  tests  were  run  on  the  two  models  in  each 
test  condition  for  .various  control  dispositions.  The  re- 
sults of  the  investigation  are  presented  in  figures  3 to 
8.  In  order  to  permit  a direct  comparison  of  effects  due 
to  differences  in  size,  the  steady-spin  parameters  pre- 
sented in  the  figures  (determined  hy  methods  described  in 
reference  3)  have  been  converted  to  the  corresponding 
full-scale  values.  If  each  model  gave  a similar  repre- 
sentation of  the  motion  of  the  airplane,  the  results  for 
the  two  models  as  plotted  on  the  figures  would  be  identi- 
cal. The  angle  of  sideslip  is  approximately  equal  to  jS 
minus  the  helix  angle  (angle  between  flight  path  and  ver- 
tical). for  the  recorded  spins,  the  helix  angle  averaged 
about  5.5°  for  both  models. 

Recoveries  were  measured  by  the  number  of  turns  the 
spinning  model  made  from  the  instant  the  controls  were 
observed  to  move  until  the  spinning  rotation  ceased. 

for  convenience,  the  results  are  presented  in  two 
sections.  The  first  section  contains  a comparison  of  the 
model  results  for  the  normal  loading  condition,  including 
dimensional  modification  on  the  models;  the  second  section 
presents  a similar  comparison  of  the  models  in  the  modified 
loading  condition  ( ly  and  I2  inoreased  by  30  percent 

of  ly) • All  the  results  ere  for  right  spins = 

In  several  instances  comparable  data  on  the  two  mod- 
els are  lacking,  particularly  for  spins  involving  upward 
settings  of  the  elevators,  because  these  spins  were  too 
difficult  to  hold  in  the, tunnel. 

In  a comparison  of  the  number  of  turns  required  for 
recovery,  it  should  be  remembered  that,  for  an  oscillatory 
spin,  recoveries  depend  somewhat  bn  the  phase  of  the  oscil- 
lation at  which  the  controls  are  manipulated  and  that,  for 
such  spins,  it  is  difficult  to  obtain  consistent  results. 
This  effect  may  account  for  a difference  of  one-half  turn 
or  more  in  recovery  results  for  oscillatory  spins. 
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PHECISION 


The  precision  of  the  meastirement  made  in  the  spin 
tunnel  is  Delieved  to  he  within  the  following  limits: 


Velocity  V,  percent  ±2 

Angular  velocity  percent  ±I 

Angle  of  attack  a,  deg 

Angle  of  wing  to  horizontal  deg ±2 

Turns  for  recovery-  . ±1/4 


The  preceding  limits  may  he  exceeded  in  instances 
where  it  is  difficult. to  handle  the  spin  in  the  tunnel 
Owing  to  a hi gh  rate  of  descent  or  to  th e wandering  or 
oscillatory  nature  of  the  spin. 


RESULTS  FOR  NORMAL  LOADING  CONDITIONS 
Normal  Flying  Condition  (Fig.  3) 


Qualitative  comparison  of  trends  Indicated  hv  each 
model . — In  the  normal  loading  and  the  normal  flying  condi- 
tions, hoth  models  exhibited  similar  characteristics. 

With  the  ailerons  neutral,  raising  the  elevator  from  neu- 
tral generally  steepened  the  spins,  increased  the  vertical 
velocity,  slightly  decreased  the  angular  velocity,  tended 
to  lower  the  right  (inhoard)  wing,  and  tended  to  improve 
recovery.  Ailerons  with  the  spin  effected  similar  changes 
in  the  steady  spins  except  that  the  angular  velocity  in- 
creased instead  of  decreasing.  Ailerons  against  the  spin 
tended  to  flatten  the  spin  slightly  and  to  produce  more 
critical  oscillatory  spine.  Neither  model  would  spin 
steadily  with  the  rudder  neutral  and  no  results  are  pre- 
sented for  this  control  setting. 

Quantitative  comparison  of  raeults  for  the  two  models. 
A study  of  figure  3 reveals  that  the  results  for  the  two 
models  are  in  general  quantitative  agreement  in  regard  hoth 
to  steady-spin  parameters  and  to  turns  for  recovery  except 
for  spins  with  the  ailerons  set  full  with  the  spin.  With 
this  aileron  disposition,  the  1/20-scale  model  spun  steeper 
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faster,  steadier,  and  with  its  right  wing  from  7°  to  14° 
higher  than  that  of  the  1/16-scale  model.  The  large 
change  in  p with  aileron  setting  should  he  noted.  (See 
figs.  3Ch;  and  3(i).)  . 


J*!!!  1 in  Place  (Pig.  4) 

1 shown  hy  both 

elj,.-  The  effect  of  fin  1 forward  of  the  vertical  tail 
was  small  and  inconsistent.  With  the  ailerons  neutral 
+ down,  both  models  gave  flatter  spins  with 

the  added  fin  area.  tilth  raised  elevator,  however,  the 
effect  on  either  model  was  slight.  Ailerons  with  the  spin 
esul„ea  in  steeper  spins;  whereas  ailerons  against  the 
spin  produced  more  oscillatory  and  irregular  spins.  The 
corresponding  velocities,  however,  did  not  appear  to  vary 
consistently  with  angle  of  attack.  . 


els.  - 
spins 
rigor 
W i th 
param 
meat , 
wi  th 
scale 
of  th 
spin, 
by  thi 
spin 


.^pantitativ®  comparison  of  results  for  the  two  mod- 
ihe  wandering  and  the  oscillatory  nature  of  the 
i,  particularly  when  the  ailerons  were  used,  makes  a 
•ous  comparison  between  the  two  models  difficult, 
the  ailerons  neutral,  however,  both  the  steady-spln 
leters  and  the  recoveries  are  in  fairly  close  agree- 
excepting  the  velocities  that  accompanied  the  spins 
the  elevator  20  down.  The  tendency  of  the  1/20- 
model  to  spin  with  its  right  wing  higher  than  that 
e 1/16-scale  model,  when  the  ailerons  are  with  the 
noted.  The  two  types  of  spin  exhibited 
? “odel  with  the  ailerons  against  the 
\iig.  4{c)y  should  also  be  observed. 


Fin  2 in  Place  (Pig.  5) 

-^^.litative  eff^ot  of  the  fin  as  shown  bv  both 

both  models  indicate  a favorable  effect 
of  adding  area  below  the  horizontal  tail.  With  neutral 

slightly  steeper  and  the  recov- 
r es  faster,  although  the  information  on  the  1/16-scale 
model  IS  limited.  Ailerons  with  the  spin  produced  steep 
pins  Similar  to  those  obtained  without  the  added  fin 

ailerons  against  the  spin,  neither  model 
would  spin  consistently. 

eie  comparison  of  results  for  the  two 

eis.  Oscillatory  spins  and  fluctuating  air  speeds  make 
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comparison  of  the  results  for' the  two  models  difficult, 
particularly  as  regard’s  the  velocity  and"' the"  incll'hatlon 
of  the  wings  to  the  hprlzontal.  ^ith  the  ailerons  neu- 
tral, however,  the  b'ther  parameters  are  in  good  agreement. 
For  the  ailerons  with  the  spin,  the  1/20-scale  model  def- 
initely spun  steeper,  faster,  and  with  its  right  wing 
considerably  higher  (10°  to  14°)  than  that  of  the  1/16- 
scale  model. 


RESULTS  FOE  MODIFIED  LOADING  CONDITIONS 
(ly  AND  I2  INCREASED  BY  30  PERCENT  ly) 
Normal  Flying  Condition  (Fig.  6) 


Qualitative  effect  of  the  change  in  loading.-  Both 
models  were  similarly  affected  by  the  change  in  loading. 
The  effect  of  the  modified  load  on  both  models  was  to 
flatten  the  spin,  decrease  the  rate  of  descent,  and  de- 
crease the  rate  of  rotation,  for  all  control  dispositions 
except  those  involving  the  ailerons  set  with  the  spin,. 

With  this  control  disposition,  the  reverse  effect  on  the 
angle  of  attack  and  the  velocity  was  obtained,  but  both 
models  were  prone  to  spin  with  this  aileron  disposition 
when  the  elevators  were  down,  even  when  the  rudder  was 
neutral  (fig.  6(c)).  Recoveries  were  not  greatly  differ- 
ent from  those  obtained  in  normal  loading,  but  both  mod- 
els indicated  a slight  adverse  effect  of  the  modified 
loading. 

Quantitative  comnarison  of  results  for  the  two  mod- 
els.- Quantitatively,  the  results  for  the  two  models  in 
the  normal  flying  condition  check  well;  the  greatest  dis- 
crepancies occur  for  the  ailerons  with  the  spin  and  the 
eleva.tor  neutral.  An  examination  of  -figure  6(l)  indicates 
that,  for  the  ailerons  with  the  spin,'  the  1/ 20-scale  model 
tended  to  spin  with  its  right-  #ing  higher  than  that  of.  the 
1/16-scalemodel. 


Pin  1 In  Piac^-'(Fig. 

Qualitative  effect  of  the  fin  as  ehdwn  biy  each  model. - 
A comparison  of  figures  6 and  7 indicates  that  the  detri- 
mental effect  af  the.  added  fLh  varea  was  quite  pronounced 
when  the  modele  were  in  the  modified  loading  condition. 
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The  presence  of  the  fin  caused  both  models  to  spin  flat- 
ter and  at  a lower  velocity  and  increased  tne  number  of 
turns  for  recovery.  For  the  ailerons  with  the  spin,  how- 
ever, the  effects  were  not  very  definite, 

Q.uantitat  Ive  comparison  of  the  results  ,for._.the  tw^ 
models With  the  exception  of  the  spins  in  which  the 
ailerons  were  with  the  spin,  the  steady-spin  parameters 
and  recoveries  for  the  models  with  fin  1 are  in  good 
agreement;  the  largest  discrepancy  appears  in  figure  7^o; 

For  the  ailerons  with  the  spin,  elevators  down,  the 
1/20-scale  model  spun  flatter,  at  a lower  air  speed,  and 
with  its  right  wing  5°  higher,  than  the  1/16-scale  model. 
It  should  he  observed,  however,  that  occasionally  a 
steeper  spin  was  obtained  with  the  1/20-scale  model,  but 
no  quantitative  data  could  be  secured  (fig.  7(c)). 


Pin  2 in  Place  (Pig.  8) 

juftlitative  effects  of  the  fin  as  shown  by  eagh  meA^» 
A comparison  of  figure  5 (normal  load)  and  figure  8 (modi” 
fied  load)  reveals  that,  with  the  additional  fin  in  place, 
the  effect  of  the  modified  loading  on  both  models  was,  in 
general,  ah  increase  in  angle  of  attack,  a decrease  in 
vertical  velocity,  a decrease  in  angular  velocity,  and  an 
increase  in  turns  for  recovery,  for  all  control  disposi- 
tions not  involving  ailerons  with  the  spin,  Por  the 
ailerons  with  the  spin,  the  modified  loading  appeared  fa- 
vorable. 

A comparison  of  figures  6 and  8 indicates  that,  for 
the  models  with  the  modified  loading,  the  addition 
auxiliary  fin  below  the  fuselage  tended  to  increase  the 
rate  of  descent  but  had  little  other  effect, 

auantitative  comparison  of  the  results  of,  the  ^^0- 
models v/ith  the  ailerons  either  neutral  or  against  the 
spin,  the  1/20-scale  model  spun  slightly  flatter  than  the 
1/16-scale  model  for  all  elevator  settings,  but  the  dif- 
ferences in  the  other  parameters  were  small.  Por  the  ai- 
lerons with  the  spin,  a comparison  can  be  made  only  for 
the  elevator-down  spins.  With  this  control  disposition, 
the  velocity  of  the  1/20-scale  model  was  greater  and  its 
right  wing  was  a few  degrees  higher  than  that  of  the  1/  o- 
scale  model. 
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DISCUSSION 

Reynolds  Numher  Range  Covered  "by  Investigation 


•The  relationship  between  the  test  Reynolds  number  of 
a dynamically  similar  scale  model  tested  in  air  of  normal 
density  and  the  Reynolds  number  of  the  full-scale  airpl*ane 
can  be  expressed  as  follows: 

Rm  = RaN^^= 

Jor  the  1/20-  and  the  l/l6-scale  models  used  in  these 
experiments,  the  foregoing  relationship  becomes 

R for  1/20-scale  model  = R^(l/20)®^^  = O.OllR^ 

R for  1/16-scale  model  • R^(l/16)®'^®  = 0.0156Ra 

The  range  of  Reynolds  numbers  investigated  - based 
on  the  mean  wing  chord,  a mean  value  of  the  kinematic 
viscosity  of  O. 000165  foot^  per  second,  and  the  measured 
rates  of  descent  - is  tabulated  below: 


Test 

Model  R 

Corresponding  full-scale 

fl/20 

Minimum  . 

model 

62,500 

5,680,000 

^1/16 

model 

91,400 

5,850,000 

f 1/20 

Maximum  ( 

model 

113,500 

10,280,000 

[l/16 

model 

148,000 

9,480,000 

Becaus e i 

of  the 

turbulence 

in  the  tunnel,  the  effec- 

tive  Reynolds  number  is  greater  than  the  Reynolds  number 
of  the  test  model  by  a factor  1..8  (reference  4).  The  ef- 
fective test  Reynolds  number  thus  ranged  from  112|500. 
(for  the  1/20-scale  model)  to  266,400  (for  the  1/16-scale 
model). 


Correlation  between  Results  for  the  Two  Models 

On  the  basis  of  the  information  contained  in  figures 
3 to  8,  the  following  conclusions  have  been  reached: 

1.  The  same  qualitative  effects  of  control  disposi- 
tion, mass  distribution,  and  dimensional  modifications 
were  indicated  for  the  two  models,. 
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2.  The  most  difficult  spins  to  correlate  were  those 
involving  aileron  deflections.  ViThen  the  ailerons  were 
with  the  spin,  the  1/20-scale  model  generally  spun  steeper 
in  the  normal  loading  condition  than  the  1/16-scale  model. 
In  the  modified  loading  condition,  although  there  was 
generally  little  difference  in  results  for  the  two  models, 
spins  were  obtained  for  which  the  reverse  was  true.  For 
the  ailerons  against  the  spin,  there  existed  a tendency 
for  the  1/16-scale  model  to  spin  steeper  than  the  1/20— 
scale  model .regardless  of  the  mass  distribution. 

3.  All  of  the  steady-spin  parameters  were  in  fair 
agreement  with  the  exception  of  the  angle  of  the  wing  to 
the  horizontal,  which  varied  considerably  for  the  two 
models,  particularly  v;hen  the  ailerons  were  used.  In 
general,  when  the  ailerons  were  with  the  spin,  the  1/20- 
scale  model  tended  to  spin  with  the  right  wing  higher  than 

at  of  the  1/16— scale  model,  that  is,  with  more  outward 
sideslip.  (It  will  be  observed  in  going  from  the  larger 
model  to  the  smaller  model  that  the  change  in  angle  of 
sideslip  was  in  the  same  direction  as  that  found  in  going 
from  full-scale  data  to  model  data  in  reference  2. ) 

4.  The  size  of  the  model  had  little  influence  on  the 
number  of  turns  for  recovery,  even  for  spins  in  which  the 
angle  of  the  wing  to  the  horizontal  was  noticeably  dif- 
ferent for  the  two  models.  The  relationship  existing  be- 
tween the  angle  ^ and  the  number  of  turns  for  recovery 
is  exceedingly  complex  and,  consequently,  the  significance 
of  the  aforementioned  result  is  not  completely  understood. 

rom  a practical  point  of  view,  the  number  of  turns  for 
recovery  is  usually  considered  to  be  the  most  important 
parameter  of  the  motion  insofar  as  the  correlation  of 
model  results  and  full-scale  results  is  concerned. 


Comparison  with  Flight  Results 

Spin-test  results  of  the  full-scale  airplane  repre- 
sented by  the  two  models  are  presented  in  reference  5. 
Unfortunately,  the  control  settings  used  in  these  full- 
-scale  tests  are  not  the  same  as  those  used  on  the  models 
n this  investigation,  and  therefore  a rigorous  compari- 
son cannot  be  made.  A qualitative  comparison,  however, 
seems  to  indicate  that  the  effect  of  scale  is  of  much 
greater  significance  when  the  results  for  either  model 
are  compared  with  the  full-scale  results-  than  when  the 
results  for  either  model  are  compared  with  the  results 
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for  the  other.  It  would  therefore  appear  that,  within 
the  range  of  the  model  sizes  Investigated,  such  factors 
as  difficulty  of  construction  and  testing  are  more  impor- 
tant in  determining  proper  model  size  than  are  the  changes 
in  scale  effect  likely  to  exist  between  extreme  sizes 
feasible  for  test  in  the  15-foot  tunnel. 


Comparison  with  Other  Results 

The  investigation  reported  in  reference  1 included 
a comparison  of  rolling-balance  measurements  made  in  a 
7-foot  vertical  tunnel  on  a 1/10-  and  on  a 1/17.5-scale 
model  of  a British  fighter  airplane.  The  resultant  aero- 
dynamic moments  about  the  spinning  axis  for  several  rates 
of  rotation  were  measured  on  both  models  for  a single 
angle  of,  attack  (37^9°).  The  rates  of  rotation  were 
measured  by  the  quantity  r2b/2V  and  the  values  of  this 
parameter  ranged  from  0.3  to  0.6.  Similar  measurements 
were  made  on  the  1/17. 5-scale  model  in  a 4-foot  tunnel  to 
determine  the  effect  of  tunnel  size.  The  tunnel  effect 
was  found  to  be  , small.  The  sets  of  measurements  made  in 
the  7-foot  tunnel  agreed  closely  with  each  other,  but  the 
results  for  either,  model  disagreed  copsiderably  with  the 
corresponding  results  for  the  full-scale  airplane.  It 
will  be  observed  that  this  effect  of'  scale  is  consistent 
with  the  comparison  of  the  results  of  the  present  investi- 
gation with  the  full-scale  results  of  reference  5, 

The  results'  in  reference  2 indicate  that,  within  the 
range  of  Reynolds  numbers  tested  (of  the  same  order  of 
magnitude  as  the  tests  of  'the  present  Investigation),  the 
scale  effect  was  negligible. 


Suggestions  for  Future  Research 

In  this  investigation  the  actual  difference  in  the 
size  of  the  models  used  did  jiot  completely  cover  the 
greatest  range  of  sizes  likely  to  be  encountered  in  spin- 
tunnel  test  work.  It  would  therefore  appear  advisable  to 
supplement  the  present  investigation  with  data  representa- 
tive of  a much  greater  variation  in  mo, del  size. 

The  model-recovery  results  in  this  investigation  were 
not  particularly  sensitive  to  the  modifications  tried.  It 
is  suggested  that,  in  future  invest igati ons , modif ications 
be  tested  that  markedly  affect'  the  recovery  characteristics 
of  the  models. 
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CONCLUSIONS 


On  the  basis  of  the  results  obtained  in  the  investi- 
gation, the  following  conclusions  can  be  drawn. 

1.  Qualitatively,  the  same  characteristic  effect  of 
control  disposition,  mass  distribution,  and  dimensional 
modifications  were  indicated  for  both  models. 

2.  The  number  of  turns  for  recovery,  probably  the 
most  important  parameter  of  the  spin  for  practical  pur- 
poses, v/ere  in  good  agreement  for  both  models, 

3.  It  would  appear  that,  for  the  15-foot  tunnel,  such 
factors  as  difficulty  of  construction  and  testing  are  more 
important  in  determining  proper  model  size  than  are  the 
changes  in  scale  effect  likely  to  exist  between  the  dif- 
ferent sizes  of  models  that  are  practicable  for  the  15- 
foot  spin  tunnel.  This  conclusion  is  based  entirely  on 
the  results  presented  in  this  report.  The  investigation 
should  be  extended  to  include  a greater  range  of  model 
sizes  and  more  extreme  modifications. 


Langley  Memorial  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 
Langley  Field,  Va. , April  16,  1941. 
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o — '/k  sco/e  model  '/le  scale  model 

1 , Oscillatory  spin.  . , , ,,  ^ ^ 

2,  In  i/io  -mode!  checks,  the  model  would  recover  of  da  own  accord  when  forced  to  spin. 

3,  Air  speed  fluctuates.  , , , 

4,  Model  would  recover  of  its  own  atcora  when  forced  to  spin. 
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o !/go  sco/e  model  ('o 'Ao  scale  model,  rudder  neutral). 

i/ie  " " 

I,  OsciUatcry  spin.  Z,  Oscillates  out  of  spin -no  information. 

3,  Mode!  air  speed  top  great  for  tunnel. 

Recoveries  not  attempted. 
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Figure  6. 


If  feet  of  eoale  on  two  oodele  in  the  HAOA  15-foot  free-eplMlng  wind  tunnel. 
Modified  loaddy  nnd  Ig  Inoreneed  30  percent  ly);  rudder  30"  with  epln; 
right  eplns. 


rigura  7.-  Kffeot  of  seal*  on  two  nodal*  in  tba  lACA  15-foot  fraa-aplanlng  wind  tunnal. 

Modiflad  load  (If  aM  Iz  Inoraaead  30  paroant  ly);  auxiliary  fin  1 In  plaoa; 
ruddar  30**  with  aplni  right  spins. 
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MXTHODS  07  AVALTZINO  WINO-TUNNXL  DATA 
70 B DYBaKIO  7LI0HT  CONDITIONS 
By  C.  J.  Sonlan  and  Z.  0.  Becant 

8U1I1IAB7 


The  effects  of  power  on  the  etahility  and  the  control 
character! sties  of  an  airplane  are  discussed  and  methods 
of  analysis  are  given  for  evaluating  certain  dynamic  char- 
acteristics of  the  airplane  that  are  not  directly  dlscern- 
Ihle  from  wind-tunnel  tests  alone.  Data  are  presented  to 
show  how  the  characteristics  of  a model  tested  in  a wind 
tunnel  are  affected  hy  power. 

The  response  of  an  airplane  to  a rolling  and  a yawing 
disturbance  is  discussed,  particularly  in  regard  to  changes 
in  wing  dihedral  and  fin  area.  Solutions  of  the  lateral 
equations  of  motion  are  given  in  a form  suitable  for  direct 
computations.  An  approximate  formula  is  developed  that 
permits  the  rapid  estimation  of  the  accelerations  produced 
during  pull-up  maneuvers  involving  abrupt  elevator  deflec- 
tions. 


INTRODUCTION 


Some  time  ago,  ths  NACA  undertook  an  investigation  to 
determine  the  flying  qualities  of  a low-wing,  pursuit  mon- 
oplane, This  airplane  (fig.  1),  like  many  of  its  type, 
was  found  to  possess  several  undesirable  flying  character- 
istics. Accordingly,  a number  of  modifications  to  the 
airplane  were  recommended.  In  order  to  study  the  effects 
of  the  proposed  modlf loat ions  and  in  order  to  investigate 
ths  reliability  of  wind-tunnel  data  for  estimating  the 
behavior  of  the  full-scale  airplane,  a scale  model  of  the 
airplane*  with  and  without  the  proposed  modifications, 
was  tested  in  a wind  tunnel.  Tests  were  made  with  and 
without  the  propeller  operating  in  order  to  study  the  ef- 
fect of  power  on  the  characteristics  of  the  model. 
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During  the  eeuree  of  these  wind-tunnel  tests,  sevorMi 
Interesting  results  were  obtained  concerning  the  effects  <> 
power  on  the  characteristics  exhibited  by  the  model.  In 
the  ewaluatlon  of  the  data,  certain  methods  of  analysis 
were  employed  that  were  found  useful  in  estimating  the 
dynamic  behawlor  of  the  airplane,  particularly  as  regards 
the  effects  of  the  proposed  modifications.  These  pubjects 
are  treated  in  the  present  paper.  It  is  felt  that  this 
paper  will  serwe  as  an  aid  to  other  wind-tunnel  investlKS' 
tors  seeking  to  evaluate  the  flight  characteristics  of  sn 
airplane  from  wind-tunnel  results. 

The  first  portion  of  the  paper  is  concerned  with  ths 
effect  of  power  on  certain  of  the  wind-tunnel  character- 
istics exhibited  by  a model.  Graphs  are  presented  that 
emphasise  the  importance  of  obtaining  wind-tunnel  data 
with  powered  models.  The  second  portion  of  the  paper  d U- 
ousses  the  lateral  motions  of  the  airplane.  Concrete  sf - 
plications  are  included  showing  how  ths  solutions  to  the 
lateral  equations  of  motion  were  used  to  estimate  the 
change  in  dynamic  flight  characteristics  likely  to  result 
from  the  use  of  the  recommended  modifications  to  the  air- 
plane. finally,  the  longitudinal  motion  of  the  airplane 
is  considered.  An  approximate  formula  is  developed  that 
was  found  useful  in  estimating  the  accelerations  and  the 
stick  forces  likely  to  develop  in  an  airplane  during  an 
abrupt  pull-up  maneuver. 


Ill  XMFORTAHCX  Of  FOfSSND  MODELS  IN  WIND-TUNNSL  TESTS 


Although  the  influence  of  the  slipstream  on  the  char- 
aeteristles  of  an  airplane  has  been  appreciated  for  many 
years,  wind-tunnel  tests  with  propellers  operating  have 
not  been  the  usual  procedure.  The  frequency  with  which 
undesirable  flying  characteristics  appear  in  modem  air- 
planes  has  led  to  some  apprehension  concerning  the  relia- 
bility of  wind-tunnel  data  obtained  without  powered  nodeli 
The  partieular  testing  technique  employed  in  the  present 
investigation  will  be  reserved  for  detailed  discussion  In 
a future  paper.  It  will  suffice  to  say  here  that  the 
power-on  test  procedure  should  be  such  that  data  may  be 
obtained  for  thrust  conditions  of  the  model  corresponding 
to  those  of  the  full-scale  airplane  at  the  lift  coefflcl«n 
and  the  flight  attitude  under  consideration. 


KACA  Technical  Note  No.  828 


3 


Figure  2 is  a plot  of  the  elevator  angle  required  for 
trim  against  the  indicated  air  speed  at  which  trim  occurs. 
These  curves  were  evaluated  from  data  secured  from  (l) 
wind-tunnel  tests  with  no  propeller  on  the  model,  (2)  ac- 
tual flight  tests  with  the  full-scale  airplane,  and  (3) 
wind-tunnel  tests  with  a powered  model.  The  shapes  of 
the  curves  are  indices  of  the  static  stahility  (see  later 
disouselon  of  longitudinal  motion)  displayed  hy  the  air- 
plane in  flight  and  hy  the  models  in  the  wind  tunnel.  The 
agreement  between  the  flight  results  and  the  results  ob- 
tained with  a powered  model  is  good , part icularly  for  the 
flap-up  condition.  The  larger  discrepancy  existing  for 
the  flap-down  condition  is  partly  attributable  to  the 
rather  large  tab  deflection  (11°  nose  up)  used  on  the 
full-scale  airplane  for  this  test.  The  related  variation 
of  the  elevator  stick  force  required  for  trim  with  indi- 
cated air  speed  is  not  presented  here  because  the  model 
data  and  the  flight  data  were  not  directly  comparable 
owing  to  the  absenoe  of  a trim  tab  on  the  model.  In  the 
evaluation  of  the  information  obtained  from  wind-tunnel 
tests,  certain  methods  of  presenting  the  data  have  been 
found  to  facilitate  the  analysis.  The  resulting  pitching 
moment  acting  on  an  airplane  trimmed  for  steady  equilib- 
rium flight  is  sero.  This  condition  is  true  whether  or 
not  the  airplane  is  flying  yawed.  As  far  as  the  pilot  is 
concerned,  the  dihedral  effect  of  the  wing  manifests  it- 
self as  a pure  rolling  moment  about  an  axis  lying  in  the 
plane  of  symmetry  of  the  airplane.  In  wind-tunnel  in- 
vestigations, on  the  other  hand,  the  rolling  moment  is 
usually  measured  about  an  axis  coincident  with  the  tunnel 
axis.  Consequently,  when  the  model  is  yawed  relative  to 
the  tunnel  axis,  the  measured  rolling  moment  about  this 
axis  will  contain  a component  of  the  pitching  moment  act- 
ing on  the  model  unless  the  model  is  trimmed  for  zero 
pitching  moment.  In  the  comparison  of  the  slopes  of 
different  rolling-moment  curves  obtained  in  yaw  tests,  it 
is  therefore  necessary  to  know  whether  the  measurements 
were  made  with  the  model  trimmed  in  pitch. 

If  the  system  of  axes  discussed  in  the  subsequent 
section  on  lateral  motion  is  employed  for  the  presentation 
of  wind-tunnel  data,  the  necessity  for  continually  check- 
ing the  trim  of  the  model  during  yaw  tests  is  avoided. 

In  addition,  the  data  in  this  form  can  be  used  directly 
in  the  evaluatiou  of  the  stability  derivatives  necessary 
for  the  solutions  of  the  equations  of  motion. 
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In  figure  3 are  plotted  for  ▼arious  power  conditions 
the  rates  of  change  with  angle  of  yaw  of  the  yawing-moment 
coefficient  dCn/d\j/,  the  rolling-moment  coefficient 
dCj/dti;,  and  the  lateral-force  coefficient  dCy/d^.  The 
decrease  in  dihedral  effect  dCj/dtJ/  with  the  application 

of  power  should  be  observed.  In  the  condition  presented 
(flap  up),  the  decrease  in  dihedral  effect  with  the  applloH- 
tlon  of  power  is  not  great,  but,  in  the  flap-down  condition 
and  at  high  lift  coefficients,  the  effect  of  power  may  he 
critical • 

An  Inspection  of  figure  4 will  suffice  to  illustrate 
the  effect  of  the  slipstream  on  the  characteristics  of  a 
control  surface  placed  within  its  boundaries.  The  nega- 
tive yawing  moment  that  exists  with  neutral  rudder  when 
the  propeller  is  operating  should  be  observed.  The  moment 
is  apparently  caused  by  the  rotation  of  the  slipstream. 

It  is,  however,  recognised  that  the  slipstream  rotational 
characteristics  exhibited  by  the  model  in  this  test  are 
probably  not  identical  with  the  slipstream  rotational 
characteristics  that  would  be  obtained  in  flight  with  the 
full-scale  airplane,  even  under  similar  thrust  conditione. 
The  results  do  indicate,  nevertheless,  that  with  the  pres- 
ent trend  toward  greater  and  greater  power,  the  effect  of 
tills  slipstream  rotation  may  be  a critical  factor  in  tail 
design. 

Figures  2,  3,  and  4 have  been  Included  to  Illustrate 
the  effects  that  power  may  have  on  the  stability  character- 
istics of  aa  airplane  and  on  the  effectiveness  of  the  hor- 
Isontal  and  the  vertical  tail  surfaces.  Those  effects  ars 
difficult  te  estimate  and  consequently  recourse  must  be 
had  to  wind-tunnel  tests  of  a model  equipped  with  running 
propellers*  Wind-tunnel  tests  of  a powered  model  require 
more  care  and  are  more  expensive  to  perform  than  tests  of 
the  conventional  typo  of  10040!.  By  a Judicious  choice  of 
tests,  however,  it  is  possible  to  secure  the  information 
great  oot  value  with  a minimum  of  time  and  expenditure* 


isx  Lateral  uotiohs  of  tee  airplane 


Certain  lateral- stability  and  control  characteristics 
of  an  airplane  can  be  directly  determined  from  wind-tunnel 
tests  of  a model.  These  characteristics  usually  include 
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(1)  the  directional  stability  (fig.  3(a)),  (2)  the  dihe- 
dral effect  (fig.  3(b)),  and  (3)  the  static  effectiveness 
of  the  control  surfaces  (fig.  4).  This  information  is  in- 
dispensable to  the  designer  if  he  is  to  proportion  his 
airplane  properly  and  is  also  necessary  for  the  evaluation 
of  the  stability  derivatives  from  which  the  dynamic  be- 
havior of  the  airplane  may  be  predicted. 

* 

The  dynamic  flight  characteristics  that  an  airplane 
will  display  are  not,  however,  readily  obtained.  The  be- 
havior of  an  airplane  subjected  to  a lateral  disturbance 
is  con^licated  by  the  coupling  of  the  ensuing  rolling  and 
yawing  motions.  The  coupling  of  these  two  motions  makes 
it  impossible  to  estimate  the  effectiveness  of  the  ailer- 
ons and  the  rudder  in  flight  from  static  tests  of  the  con- 
trols alone,  a sound  evaluation  of  these  factors  can  be 
made  only  if  a knowledge  of  the  motions  produced  by  the 
controls  is  available. 

The  angle  of  bank  produced,  for  example,  in  1 second 
by  the  total  deflection  of  the  ailerons  might  be  taken  as 
a measure  of  the  effectiveness  of  the  ailerons  in  produc- 
ing a sudden  roll.  If,  on  the  other  hand,  the  airplane 
is  rolled  slowly,  a greater  yawing  motion  being  permitted 
to  develop,  the  result  may  be  to  produce  a rolling  motion 
opposed  to  that  generated  by  the  ailerons  and  of  such 
magnitude  that  the  effect  of  the  ailerons  is  completely 
nullified.  The  airplane  may  even  roll  against  the  ailer- 
ons. 


In  actual  flight  the  pilot  might  counteract  this  ad- 
verse rolling  tendency  by  coordinating  the  rudder  with  the 
ailerons.  In  the  present  analysis,  however,  only  the  in- 
herent dynamic  characteristics  of  the  airplane  are  con- 
sidered. It  would  be  of  interest,  then,  to  know  the  varla 
tion  of  the  angle  of  bank  with  time  after  small  aileron 
deflections  are  applied.  For  similar  reasons,  the  effec- 
tiveness and  the  sensitivity  of  the  rudder  can  be  most 
carefully  judged  if  the  angle  of  bank  and  the  angle  of  yaw 
produced  in  a definite  time  interval  by  a small  rudder  de- 
flection are  known.  Information  of  this  type  is  particu- 
larly valuable  in  estimating  the  effect  of  various  combine 
tions  of  vertical  fin  area  and  wing  dihedral  on  the  dynam- 
ic behavior  of  an  airplane. 
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actual  flight  tests,  probably  the  best 

i»  qualities  of  an  alrplono 

oMaln^d  f^J^n  if  J .”  •'!“<•“<>»■  of  motion,  th.  data 

need,  ° wind-tunnel  tests  of  a powered  model  being 

m-H.  The  assumptions  generally 

made  in  the  study  of  airplane  stability  are  madf  hIrJ. 

The  most  important  of  these  assumptions  are: 

4 4.  -1^*  forces  and  the  moments  resultine  from 

Jiti.r:r?f:  if  *“•  “‘'■pio”*  roi«ti«  t«  n.  ,t«dr«n- 

to  th.lr  rftif  *°  *'’•  «‘opl»o.m.nt.  or 

anta  of  thi'-ii?’’®”*** * »omant  due  to  different  eomnoa- 
“e  riufii  °f  f”  '“’■•'“y  dddltlve.  (ror  enampli, 

ruL  to  combined  rolling  and  sldesllx)- 

exipping  had  occurred  separately.) 

oelooltl.!**ini'"‘  i”  opooiyylo*  the  moment.,  the  angnlar 
mo«  rllii;.  f *0  forth  are  fined  in  the  airplane  and 
move  relative  to  the  earth  and  the  air.  The  X axis 

iS*thrplanrff  c«“ter  of  gravity  of  the  airplani,  is 
Into  symmetry  and  is  so  oriented  that  it  points 

iVy  il  airplane  is  flying  s?e.d- 

orthoffonai  av  t f the  axes  form  a conventional 
tH  I ITA  l“^®”®ctlng  at  the  center  of  gravity. 

mmtA  Potnts  directly  downward  in  the  plane  of  sym- 

right  wiL  “’'^4*'  the  direction  of  tL 

axes  relatix.^f  discussed  are  those  of  the  moving 

thraJJ^!  oJ  k!°v  exception  of 

ngle  of  bank,  which  is  measured  from  the  horlsontal. 

flned’^?!  following  analysis  are  de- 

nned in  the  appendix. 

alrol^ie*^*???  the  axes  change  their  orientation  in  the 
neJ^i  ^^4  dt^farent  lift  coefficients  and  probably 

inertia  thii  * ’'^th  the  axes  of  the  principal  moments  of 
anJ  corrections  in  unstalled  flight  are  small 

been  neglected,  as  have  the  products  of  inertia. 

eanabf«-??--^r~--~^^  airplane  is  considered 

toSjJiL;  dagrees  of  lateral  freedom,  ths 

th^™??  deflected  controls  (neglecting 

small  9 ie  forces  developed  by  the  deflected  controls 
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and  by  tha  rolling  and  the  yawing  velocities)  may  be  writ- 
ten; 


In  order  to  solve  for  any  of  the  variables,  it  is 
necessary  to  Integrate  this  system  of  linear  simultaneous 
equations.  for  reasons  that  will  be  apparent  later,  it 
is  convenient  to  solve  the  system  of  equations  (l)  for 
s^arate  unit  magnitudes  of  the  control  disturbance  terms, 
oLg  and  6Hg;  that  is,  one  set  of  solutions  is  obtained 
by  letting  a i and  8Ng  = 0,  and  another  set  of 

>/,/w«xueu  oy  letting  6Lg  = 0 and  6Ng  = 1. 

The  unit  disturbances  are  assumed  to  be  instantly  applied 
at  a«ro  time  and  to  remain  constant  thereafter.  In  order 
to  distinguish  the  separate  solutions,  the  subscript  L 
will  be  applied  to  the  solutions  obtained  when  6Lg  = 1 

and  6Hg  * 0;  whereas  the  subscript  N will  be  applied 

to  solutions  obtained  by  letting  5Lg  = 0 and  6Hg  * 1, 

Thus,  pj^  represents  the  rolling  velocity  resulting  from 

the  application  of  a pure  rolling  disturbance  of  unit 
magnitude. 

If  the  symbol  D is  substituted  for  d/dt  end  if 
5Lg  = 1 end  SNg  = 0,  equations  (l)  may  be  rewritten  in 
the  follewing  form; 
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p (D-Lp)  - rL,  - ^Lp  = 1 

p (-Ir,)  + r(D-Sr)  - tJVft  = 0 


(2) 


It  oen  be  ebown  that  the  solutions  of  equation  (2) 
are  of  the  form: 


PL 


Xa  t 


(3) 


where 


p-  reeultant  rolling  relocity  due  to  unit 
^ rolling  dieturhance,  that  is,  8Lg  » 1 


Pt  “Pt 

^0  ^4 


constants  that  depend  only  on  walues  of 
etahility  derivatives  and  on  type  of 
disturbance  involved 


Xj^  • . X^  roots  of  stability  equation  y(D)  » 0, 


where 


The  constants  in  equation  (3),  together  with  the  cop* 
stants  appearing  in  the  expressions  for  all  the  reaelnlsi 
components  of  motion  (including  the  solutions  for  the  noJ* 
yawing  disturbance  6Vg  = 1),  have  been  evaluated  la  tsrs* 
Of  the  stability  derivatives  and  the  roots  of  the  stablUW 
equation.  The  solutions  of  equation  (2)  are  tabulated  i> 
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the  appendix  in  a form  suitable  for  computation.  The 
stability  equation  is  also  discussed  and  an  alternative 
form  of  equation  (3)  is  given  for  use  when  the  solution 
of  ?(D)  = 0 includes  conjugate  complex  roots  of  the  form 
a ± ib. 

The  expressions  presented  in  the  appendix  were  eval- 
uated by  applying  the  operational  mathematics  of  Heaviside 
to  equation  (2).  For  the  theory  of  operational  methods 
the  reader  is  referred  to  a standard  text  on  the  subject, 
for  example,  reference  1.  Specific  applications  of  the 
Heaviside  treatment  to  other  problems  in  airplane  dynam- 
ics may  be  found  in  reference  2. 


After  the  complete  unit  solutions  have  been  obtained, 
time  histories  of  the  motion  caused  by  the  unit  disturb- 
ances can  be  plotted  with  very  little  additional  calcula- 
tion, Because  of  the  linearity  of  the  equations  of  motion. 


the  unit  solutions  may  bo  compounded  in  any  arbitrary  man- 


ner. If,  for  example. 


represents  the  rolling  ac- 


celeration created  by  the  applied  aileron  rolling  moment 
and  represents  the  accompanying  yawing  accelera- 


tion, then,  at  time  t. 


where 


resultant  angle  of  bank  after  t seconds 

angle  of  bank  after  t seconds  duo  to  a 
unit  rolling  disturbance 

angle  of  bank  after  t seconds  due  to  a 
^ 't  unit  yawing  disturbance 


er  t seconds  due  to  a 
tur banco 


As  in  the  case  of  the  unit  disturbance  terms,  the 
aetual  disturbances,  ^a^5  ’ assumed  to 


be  suddenly  applied  at  sero  time  and  to  remain  constant 
thereaf  ter* 
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Ap-pllcat  lone.-  The  pract  icahi  llty  of  iieing  the  solu- 
tion# to  the  lateral  equations  of  motion  is  heat  illus- 
trated hy  concrete  applications. 

The  airplane  under  consideration,  a-s  mentioned  in  the 
Introduction,  exhibited  certain  undesirable  flying  charac- 
teristics in  flight  teats:  The  dihedral  effect  was  un- 

desirably low  at  alow  speeds  with  the  flaps  down  (fig*  3(b) 
indicates  eatlsfactory  dihedral  characteristics  with  the 
flaps  up  over  the  range  coneidered),  and  it  was  impossible 
to  raise  a wing  by  use  of  the  rudder  alone.  In  an  effort 
to  improve  the  lateral  flying  qualities  of  the  airplane, 
it  was  proposed  to  increase  the  wing  dihedral.  Because 
the  lateral  characteristics  of  an  airplane  depend  not  only 
on  the  absolute  amount  of  dihedral  but  also  on  the  relative 
amount  of  weathercock  stability  present,  it  was  considered 
necessary  to  increase  the  vortical  tail  area  as  well  as 
the  wing  dihedral.  The  ailerons  were  unchanged,  but  the 
rudder  was  so  modified  as  to  improve  its  hinge-moment 
charactoriotlcs.  These  modifications  are  shown  on  figure 
1. 

Wind-tunnel  tests  were  made  with  a model  equipped  for 
power-on  tests  with  and  without  the  proposed  modif loat ions. 
The  data  from  the  comparative  tests  Indicated  that  con- 
siderable improvement  should  result  from  the  incorporation 
of  the  modifications  on  the  full-scale  airplane*  Tor  all 
flap  and  power  conditions  the  dihedral  effect  dC^/d\l/  re- 
mained positive,  the  index  of  weathercock  stability  dCj^/d^J^ 

remained  negative,  and  the  static  characteristics  of  the 
rudder  appeared  eatlsfactory*  Wind-tunnel  tests  of  a 
model,  however,  provide  no  direct  Information  pertaining 
to  the  dynamic  flight  characteristics  of  the  full-scale 
airplane.  Instances  have  occurred  in  which  the  incorpora- 
tion of  similar  modifications  on  a full-scale  airplane  has 
affected  the  control  characteristics  of  the  airplane  in  an 
adverse  manner,  particularly  at  high  speeds,  in  spite  of 
the  favorable  static  characteristics  indicated  from  wind- 
tunnel  teste*  Accordingly,  it  was  decided  to  investigate 
the  responee  of  the  airplane,  with  and  without  the  modifi- 
cations to  the  aileron  and  the  rudder  controls,  by  evaluat- 
ing the  solutions  to  the  equations  of  motion. 

Aileron  control.-  In  the  particular  problem  considered 
here,  undesirable  aileron  control  characteristics  are  like- 
ly to  be  manifested  in  the  form  of  aileron  "heaviness"  or 
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atiffness  at  high  speeds.  The  subsequent  analysis,  how- 
perfectly  general  and  is  in  no  way  iimited  to 
this  high-speed  condition.  This  particular  condition  is 
treated,  merely  as  an  example,  to  Indicate  the  general 
method  of  procedure.  Because  the  ailerons  are  identical 
on  both  the  original  and  the  modified  airplanes,  aileron 
heaviness  can  be  physically  interpreted  as  an  increase  in 
stlch  force  resulting  from  the  increased  aileron  deflec- 
tion necessary  to  reproduce  a given  rolling  maneuver  with 
the  modified  airplane.  This  interpretation  of  aileron 
heaviness  suggested  the  following  method  of  analysis: 

(a)  On  the  assumption  that  the  original  airplane 
lal^lane  A)  was  flying  in  steady  high-speed  flight,  the 

generated  in  5 seconds  by  a small  aileron 
deflection  6^  was  computed. 

(b)  Then,  the  aileron  deflection  5^^  + necessary 

to  reproduce  the  identical  maneuver  with  the  modified  air- 
plane (airplane  B)  was  calculated. 

The  time  for  the  maneuver  (5  sec  in  this  ease)  is 
somewhat  arbitrary.  It  should  be  of  sufficient  duration, 
however,  to  permit  full  development  of  the  secondary  roll- 
ing effects  introduced  by  the  induced  yawing  motion. 

T ll9  Ql&ICn  1 1 UdO  O'f  t.  t*  AmAn  ^ A£  4 ^ ^ a m ..x 

_ _ — , AAOSVS^XX  w V 

measure  of  the  additional  stick  force  required  to  perform 
the  maneuver  (because  the  ailerons  are  identical)  and  may 
be  used  as  an  index  of  aileron  heaviness.  If  A5  is 

large  and  positive,  the  aileron  stick  forces  on  airplane 
B may  be  too  large  to  be  acceptable  and  modification  of 
the  aileron  itself  may  prove  desirable. 

The  stability  derivatives  of  airplanes  A and  B 
were  evaluated  from  the  power-on  wind-tunnel  tests  of  the 
two  models  and  from  data  in  references  3 and  4.  These  de- 
rivatives are  tabulated  in  table  I,  together  with  other 
information  necessary  to  evaluate  the  solutions  to  the 
equatlona  of  motion. 

In  accordance  with  equation  (4),  the  angle  of  bank 
assumed  by  airplane  A in  t seconds  after  the  applica- 
tion of  an  aileron  deflection  5.  is 

tt 
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+ S.»6,  (*v\ 

Zb  order  to  oraluate  the  unit  solutions  and 

it  is  necessary  to  obtain  the  roots  of  the  stability  equa- 
tion F(D)  » 0.  If  the  appropriate  values  from  table  I 
are  substituted  into  the  expression  for  F(D)  given  in  the 
appendix. 

F(D)«D*  + 20.4555D3  + 52.788  4V®  + 347.8242V  4 5.43760  = 0 

With  the  use  of  the  procedure  outlined  in  the  appendix 
for  solving  quartie  equations,  the  roots  of  this  equation 
were  determined  to  be: 


= -0.01567 
Xg  a -18.6230 
X3  = -0.908424  + 4.2199i 
X4  = -0.908424  - 4.21991 


Substitution  of  the  appropriate  roots  and  derivatives 
in  the  expression  for  the  angle  of  bank  given  in  the 

appendix,  yields 


/i  m -*0.0I867t  — X8.S33t 

» 3.3471  - 3,3497e  + 0. 002876s 

4.  (""0. 46778  4 0.1 6310  93iX  (-0.9084  + 4,2i99i)t 
\ 1741.79  - 2270.451  /* 

> 46778  - 0.1 6310  93i^  (-0.9084  - 4,sx9el)t 

\ 1741.79  + 22707451  /* 


If  the  last  two  terms  are  combined  in  accordance  with 
the  transformation  formula  in  the  appendix,  the  final  ex- 
p7#8Slon  fo3T  can  ba  written; 

d e.  “0*01B07t  *-*Xe*033t 

» 3.3471  - 3.3497e  + 0. 002876s 

- 0.00034623e’“°*®°®^^  cos  4.2199  (t  + 0.1354)  (5) 
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S imilarly , 

= 11.5982  - 11.62275e“°‘°^®®'^^  +-0.000388546”^®*®^"" 
+ 0.043548e"'°*°°®‘‘ " cos  4.2199  (t  + 0.23305)  ' (6) 

Practical  soliitions  are  most  conveniently  obtained 
by  graphical  addition  and  subtraction  of  the  component 
parts  of  the  motion.  It  can  be  seen  that  a subtraction 
involves  the  small  difference  of  relatively  large  quanti- 
ties. For  this  reason  It  is  necessary  to  retain  as  many 
absolute  figures  as  possible  in  the  evaluation  of  the 
roots  of  the  stability  aquation  and  in  the  evaluation  of 
the  individual  components  of  the  motion^ 

Bquatlons  (5)  and  (6)  are  plotted  in  figure  6 (a) 
for  airplane  A.  The  corresponding  expressions  for  air- 
plane 3 are  plotted  in  figure  5 (b), 

From  figure  6 (a)  the  unit  solutions  for  and 

after  S seconds  are 

_ _ = 0.25  radian 

3 36C 

.3.0  ’ '■***““ 


For  a I®  aileron  deflection  from  table 

**  if 54  per  second^ 


and 


Hence,  for  airplane  A> 

g = (1,54)  (0,25)  m 0,385  radian  » 33,1® 

The  total  aileron  deflection  necessary  to  bani  air- 
plane B 22, 1**  ia  5 seconde  is  given  by 


14 


VACA.  Technical  Vote  Vo.  838 


In  view  of  the  fact  that  the  ailerons  on  the  two  air- 
planes poBSees  the  tame  hinge-moment  characteristics!  it 
can  he  oonolnded  that  the  aileron  stick  forces  developed 
during  maneuvers  will  at  least  he  no  greater  (or  heavier) 
on  the  modified  airplane  than  on  the  original  airplane. 

Rudder  control.-  The  sensitivity  of  the  rudder  con- 
trol, particularly  at  high  speeds,  may  he  judged  hy  the 
angle  of  hank  and  the  angle  of  yaw  generated,  after  a def- 
inite time  interval,  hy  the  yawing  moment  impressed  hy 
the  rudder.  Here  again  the  time  must  he  of  sufficient 
duration  to  permit  the  interaction  of  secondary  rolling 
and  yawing  effects. 

Airplane  A was  assumed  to  he  flying  level  at  high 
speed  and  to  he  suddenly  subjected  to  a yawing  moment 
Impressed  iqr  a given  rudder  deflection.  The  angle  of  hank 
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^ and  the  angle  of  yaw  \1/ , generated  after  5 eeconde, 
were  calculated.  Under  eimllar  c ircumetanees • the  angle 
of  bank  (D  + A{5  and  the  angle  of  yaw  ij/  + developed 
al^lane  B were  eimilarly  calculated.  The  magnitudes 
of  A0  and  A\^  were  taken  as  a measure  of  the  relative 
eeneitivlty  of  airplanes  A and  B to  their  respective 
rudder  controle.  The  computations  follow. 

?rom  figure  6 and  table  I, 

Airplane  Airplane  B 


...  

Ui 

C\) 

. 

0 

1 
1 
1 

0.26 

(*). ...  

■ - - - .86 

.98 

6 j.lg  . per  see^  - - - - - 

^ r 

• .308 

.410 

®r®6p*  P®*"  - - - - - 

• .549 

.652 

If  a form  similar  to  that  of  equation  (4)  is  used. 


d. 
’’  z 


/'a.  r . \ f'/i  \ ^ vt  \ \ 


and  the  angle  of  bank  of  airplane  A.  5 seconds  after  the 
sudden  application  of  a 1°  rudder  deflection,  is 


^^^8  sec  “ (’■0,308)  (0.25)  + (0.549)  (0,86) 
» 0.395  radian  « 23.6° 

For  airplane  B, 

sec  * (-0.410)  (0.26)  - (0.652)  (0.98) 
= 0.532  radian  = 30.5° 


and 


A0  = 8° 
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The  angles  of  yaw  generated  hy  the  unit  disturbances 
were  obtained  In  a similar  manner:  thus, 

(♦)  ' (O.  ('’'h). 

t t • 

In  the  maneuver  investigated,  the  unit  solutio’ns  after 
5 seconds  were  as  follows: 


w 


radian 


B sec 


s sec 


radian 


Airplane  A Airplane  ^ 
- 0.04  0.04 


.30 


.26 


Tor  airplane  A, 

= (-0.308)(0.04)  + (0.549)(0.30) 

5 S 0 C 

= 0.153  radian  = 8.8° 
and,  for  airplane  B, 

(\|/)  = (-0.410)(0.04)  + (0.652)  (0.26) 

8 sec 

= 0.154  radian  = 0.8° 


or 

= 0° 


It  appears  that,  for  equal  rudder  deflections,  the 
modified  airplane  will  tend  to  generate  more  bank  than 
the  original  airplane.  The  increase  in  the  wing  dihedral 
and  the  modified  fin  and  rudder  may  result,  then.  In  a 
rudder  control  that  will  be  slightly  more  sensitive  at 
high  speeds  than  the  rudder  control  on  the  original  air- 
plane. 


Hinge-moment  measurements  are,  of  course,  necessary 
to  determine  whether  the  resultant  rudder-pedal  forces  on 
the  modified  airplane  will  be  greater  or  less  than  those 
on  the  original  airplane*  The  hinge-moment  characteristics 
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eau  l>e  compared  on  the  baela  of  the  (juantlty 


?or  airplane  A.  B = -0.297;  for  airplane  B,  R 
= -0.150*  The  resultant  pedal  forces*  on  the  other  hand* 
depend  not  only  on  the  hinge-moment  characteristics  of 
the  rudder  hut  also  on  its  floating  characteristics  and 
on  the  particular  deflection  required  to  perform  a stip- 
ulated maneuver.  The  resultant  hinge  moment  per  degree 
of  rudder  deflection  may  he  expressed  as  follows: 


w 

6r 


The  quantity 


'38  rN 

.WJo^  = 

r 


0 


la  theoretically  a con- 


stant for  any  given  tail  arrangement  hut  actually  it  Is 
very  critical  to  Interference  effects  at  the  tail  and 
fluctuates  considerably.  Tor  small  angles  of  yaw  \—5  / , 


Ch 


r 


was  practically  tero  for  both  airplanes  A 


and  B;  and  the  quantity  R may*,  therefore,  he  taken  as 
a measure  of  the  pedal  forces  for  a given  rudder  deflec- 
tion. 


THS  IOBOITUDXIaL  MOTION  Of  TEB  AIRPLANI 


then  the  longitudinal  stability  of  an  airplane  Is 
discussed,  the  characteristic  usually  referred  to  Is  the 
"static"  longitudinal  stability.  If  static  longitudinal 
stability  exists,  the  dyxMimlc  stability  characteristics 
are  of  minor  importance  (reference  5), 
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The  usual  index  for  static  longitudinal  stability  is 
the  rate  of  change  of  pitching-moment  coefficient  with 
lift  coefficient  dCju/dCi,  or  some  quantity  proportional 

to  it.  In  flight  the  most  convenient  method  of  evaluating 
the  amount  of  static  stability  present  is  to  measure  the 
elevator  angle  required  to  trim  the  airplane  at  various 
speeds;  the  slope,  d6^/d7  or  d6^/da,  is  an  index  of 

the  degree  of  static  stability  possessed  by  the  airplane. 
The  significance  of  the  ratio  d6e/da.  methods  of  eval- 
uating it  for  power-off  and  windmilling  conditions,  and 
suggested  design  values  are  discussed  in  reference  6.  The 
necessity  for  power-on  wind-tunnel  tests  for  securing  the 
effect  of  power  has  already  been  discussed  (fig.  2), 

If  tunnel  data  are  available  from  which  the  floating 
angle  of  the  elevator  may  be  caluclated  for  any  lift  coef- 
ficient,  the  elevator  stick  force  required  for  trim  at  any 
lift  coefficient  can  be  calculated  from  the  following 
formula: 


where 


P 


(7) 


P stick  force  for  trim,  pounds 
X linear  travel  of  top  of  control  column,  feet 

A6,  difference,  in  degrees,  between  elevator 
angle  required  for  trim  at  lift  coef- 
ficient under  consideration  and  free- 
floating  angle  of  elevator 

The  term  may  fluctuate  considerably  with  power. 


The  slope  of  the  curve  relating  the  variation  in  stick 
forward  speed  dP/dV  depends  on  the  speed  at 
Which  the  airplane  is  trimmed  for  sero  stick  force  and, 
consequently,  depends  on  the  initial  setting  of  the  trim- 
ming  tab.  In  the  comparison  of  the  change  in  the  slope  of 
the  stick-force  curve  resulting  from  modifications  to  the 
elevator,  care  should  therefore  be  taken  to  orient  the 
elevator  trimming-tab  settings  so  that  zero  stick  force 
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always  occurs  at  the  same  speed.  Otherwise,  a superficial 
examination  of  the  curves  of  stick-force  variation  with 
air  speed  may  lead  to  incorrect  conclusions  concerning  the 
effectiveness  of  the  tall  surfaces  or  the.  stahility  of  the 
airplane. 

In  addition  to  providing  a means  of  trimming  tha  air- 
plane in  steady  flight,  the  elevator  must  be  capable  of 
changing  the  airplane  flight  path.  The  rate  at  which  this 
change  is  accomplished  in  a quick  pull-up  can,  in  a sense, 
be  Interpreted  as  a measure  of  the  effectiveness  of  the 
elevator  in  maneuvers. 

It  is  convenient  to  take  the  rate  of  change  of  the 
maximum  normal  acceleration  per  unit  of  elevator  deflec- 
tion as  an  index  of  elevator  effectiveness  in  maneuvers. 
Care  must  be  exercised,  however,  in  interpreting  this 
index.  Although  it  is  essential  in  a pursuit  airplane  to 
design  an  elevator  sufficiently  powerful  to  maneuver  the 
airplane  to  the  maximum  lift  coefficient  of  the  wing,  it 
has  been  found  very  undesirable  if  this  condition  is  ful- 
filled with  a minimum  amount  of  elevator  deflection.  As 
discussed  in  reference  6,  satisfactory  static  stability 
characteristics  require  the  quantity  ds/da  to  have  a 
value  around  0.5.  In  airplanes  that  required  consider-' 
ably  less  stick  travel  to  trim  the  airplane  over  the 
angle-of-attack  range  Inadvertent  stalling  has  frequently 
occurred  in  accelerated  maneuvers.  The  optimum  value  for 
the  rate  of  change  of  normal  acceleration  per  unit  of 
elevator  deflection  is  therefore  conditioned  by  the  re- 
quirements of  satisfactory  static  longitudinal  stability. 


In  the  following  section  a simplified  formula  is 
developed  that  permits  the  rapid  estimation  of  the  normal 
accelerations  developed  in  abrupt  pull-up  maneuvers. 


Development  of  a simplified  formula  for  normal  ac- 
celerations produce^  in  abrupt  null-uus.-  To  a first 


order  of  approximation,  the 
plane  of  symmetry  Involving 
written  as  followsi 

If  = + WX^  A qXq  - 

= uZu  + wZi,  + q (Uo 
= uM^  + wM»  + qMq  + 


equations  of  motion  in  the 
a disturbance  in  pitch  may  be 


ge 

(a) 

+ Zq)  - gGoe  + 

(^) 

5e«5 

(c) 

20 


lACA  Technical  Vote  Vo.  828 


Also 


40  - 
dt  ■" 


q 


where  9q  Is  the  initial  angle  the  X axis  makes  with 
the  horlsontal  axis. 

The  axes  in  which  equations  (8)  are  expressed  are 
similar  to  those  defined  in  the  section  on  lateral  motion 
except  that  the  X axis  is  inclined  at  an  angle  6 to  the 
relative  wind. 

Xn  general,  this  system  of  equations  must  he  solved 
by  methods  analogous  to  those  used  in  obtaining  the  solu- 
tions to  the  lateral  equations  of  motion.  The  normal  ac' 
coloration  is  given  by  the  expression  dw/dt  - qUo . 

These  equations  have  been  solved  for  the  airplane, 
the  characteristics  of  which  (evaluated,  so  far  as  pos- 
sible, from  wind-tunnel  tests  on  a powered  model)  are 
presented  In  table  II.  The  curve  of  the  normal  accelera- 
tion resulting  from  a 1®  upward  elevator  deflection  is 
plotted  in  figure  5 together  with  other  components  Of  the 
motion. 

The  variation  of  the  components  of  motion  shown  in 
figure  6 is  typical  of  an  abrupt  pull-up  maneuver  at  high 
speed.  The  following  facts  are  apparent  from  this  figure: 

1.  During  the  time  the  airplane  takes  to  attain 
maximum  acceleration,  the  velocity  7 remains  sensibly 
constant  and  is  equal  to  Ug,  the  equilibrltim  velocity. 

Accordingly,  u <=  du  » 0 • and  equation  (8a)  can  be  ne- 
glected. 

2.  tn  the  vicinity  of  the  maximum  acceleration,  the 
time  rata  of  change  of  pitching  velocity  dq/dt  is  ap- 
proximately sero,  that  is,  q is  approximately  constant. 

3.  In  the  vicinity  of  the  maximum  acceleration,  the 
acceleration  component  dw/dt  is  almost  zero  and  the  ac- 
celeration thereafter  is  given  almost  entirely  by  the 
product  qUg. 
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If 


and  g6o  (all  of  which  are  small)  are 


0 Q * ^ o 

neglected  and  the  suhst Itutlons  aZ^  = wZ^  and 
= olU(x  are  made,  equation  (8),  for  an  abrupt  pull-up  ma- 
neuver, can  be  simplified  to  the  following  form: 

qUo  + aZa  =0  ^ 


qMq  + OMa 


where 


fie“6 


e 


The  solution  for  qU.  is 


whore 


^^0 


^o 


/ MoZg  \ 

\UoMa-2a«q) 


Mo  = 


Za  = 
Ma  = 


. 1 PSV^c 

36  J 2 mi/ 

I^^l\  1 psv^ 

\^da/  2 m 

aCm\  1 PSV'c 

^da  j 2 mjcy  ^ 


“q 


1 psvi^ 

2 mky=  S 


(9) 


In  the  expression  for  Mq,  the  slipstream  factor  T 
normally  has  a value  between  1 and  ''^25  for  high-speed 
flight.  The  tail  efficiency  factor  T|^  is  always  less 

than  1 and  is  generally  about  0.9.  The  value  of  the  pro* 
net  Frit  therefore  always  about  unity. 
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If  the  airplane  le  aasnmed  to  he  flying  level  before 

the  pull- -up  maneuver,  mg  = = Cj^ipSUo^.  If  the 

subst  Itut  lone  TJq  = 7,  p,  = — , and  = 1 are  made, 

^Sl 

equation  (9)  can  be  reduced  to  the  following  elmpllfied 
form; 

®«  |A  - 1 

dCj,  c \da 

where  qUQ/6^  repreeenta  the  change  in  normal  accelera- 
tion per  unit  of  elevator  deflection. 

Formula  (10)  gives  a value  of  the  normal  acceleration 
produced  during  an  abrupt  pull-up  maneuver  that  closely 
approximates  the  maximum  acceleration  which  would  be  ob- 
tained by  solving  the  more  cumbersome  equations  of  motion. 
It  is  the  acceleration  that  will  be  obtained  if  the  ele- 
vator is  instantly  deflected  to  its  final  position  and 
held  in  that  position  until  the  maximum  acceleration  is 
reached.  The  formula  gives  less  accurate  results  when 

dCm/dCi,  is  small,  that  'is.  - — S,  <0.01.  Several  cal- 

culations  made  for  smaller  values  of  dCjjj/dCj^  gave  re- 
sults, however,  that  were  in  error  by  less  than  7 percent, 
Greater  accuracy  is  to  be  expected  at  small  values  of 

on  account  of  the  approximations  made  involving  6.  At 
high  values  of  Cj^,  these  approximations  introduc'e  greater 
e r ro  r s . 

Mhheuverabil ity  and  stability.-  The  manner  in  which 
the  normal  acceleration  produced  ir  a pull-up  maneuver  is 
affected  by  dC^/dCj^  and  n is  shown  in  figure  7,  An 

examination  of  this  figure  reveals  that,  for  airplanes 
with  high  wing  loadings  (large  |jl)  and  low  static  stability 
( small  dOjn/dCi,)  , the  normal  acceleration  produced  per 

degree  of  elevator  is  affected  by  a small  change  In  the 
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static  stability.  In  accelerated  maneuvers  this  effect, 
as  far  as  the  pilot  is  concerned,  will  manifest  itself  in 
the  form  of  increased  stick  forces  if  it  is  assumed  that 
the  pilot  wants  to  produce  a given  acceleration  regard- 
less of  the  degree  of  static  stability  present  in  the  air- 
plane. 

The  index  of  static  stability  dCm/dCi,  for  an  air- 
plane with  the  characteristics  given  in  table  II  is  as- 
sumed to  be  -0.022.  The  curve  of  the  normal  acceleration 
produced  in  a pull-up  from  level  flight  at  448  feet  per 
second  is  given  in  figure  6.  The  maximum  change  in  the 
normal  acceleration  attained  with  an  upward  elevator  de- 
flection of  1 is  about  84,5  feet  per  second. 

From  formula  (10) 

iHo  = 34.4  / -0.021 \ ^ 

5^0  ® 0.10  \(34,4)  r-0.022)  + (-2.01)^  “ 

degree  and  qU^  = 83,7  feet  per  second^,  an  error  of  less 
than  1 percent. 

If  the  static  stability  of  the  airplane  is  improved 
by  moving  the  center  of  gravity  forward  0.078c,  the  ex- 
pression for  the  normal  acceleration  becomes 


qtJ_  = — g 3^*  ^ **0  .021  • 

° 0.10  \(34.4)  (-0.10)  + (-2,07)/ 


= (-1.37g)  5,° 

If  it  is  desired  to  load  the  airplane  to  its  former 
additional  load  factor  of  2.6g,  the  elevator  movement  re- 
quired with  the  higher  dCjj,/dCL  “be 


6 


e 


= -1.9° 

-1.37g 


Accordingly,  the  pilot  would  have  to  exert  nearly 
twice  as  much  stick  force  to  execute  the  Identical  pull- 
up  maneuver  because  of  the  increased  static  stability  of 
the  airplane.  The  desirability  of  modifying  the  elevator 
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in  order  to  change  its  hinge-moment  characteristics  thus 
partly  depends  on  the  relationship  between  the  static 
stability  desired  and  the  magnitude  of  the  stick  forces 
acceptable  in  accelerated  maneuvers. 


CONCLUSIONS 


This  paper  is  intended  to  illustrate  primarily  how 

characteristics  of  a model  tested  in  the 
wind  tunnel  and  how  wind-tunnel  data  may  be  used  to  esti- 
mate flying  qualities  not  directly  discernible  from  wind- 
unnel  tests.  The  analyses  presented  in  this  paper  permit 
the  following  conclusions  to  be  drawn  concerning  the  meth- 
ods employed: 

(1)  In  the  prediction  of  the  flight  characteristics 
or  an  airplane  operating  with  power,  considerable  error 
may  be  introduced  if  wind-tunnel  data  from  tests  of  a 
model  not  equipped  with  an  operating  propeller  are  used. 

(2)  In  the  analyses  of  wind-tunnel  rolling-moment 
a a,  care  should  be  taken,  in  the  determination  of  the 

dihedral  effect,  to  allow  for  the  contribution  of  the  un- 
balanced pitching  moment  to  the  slope  of  the  rolling- 
moment  curve.  ” 

(3)  The  evaluation  of  the  equations  of  motion  permit 
estimates  to  be  made  of  the  relative  effectiveness  of  the 
ailerons  and  of  the  rudder  controls,  particularly  when 
changes  in  wing  dihedral  are  involved  as  these  effects  are 
not  readily  discernible  from  static  tests  of  the  controls 
alone.  The  methods  used  have  been  found  reasonably  ac- 

wind-tunnel  data  are  available,  and  are  not 
difficult  to  employ. 

(4)  The  rate  of  change  of  normal  acceleration  per 
unit  of  elevator  deflection  affords  a convenient  correla- 
tion  between  maneuverability,  stability,  and  elevator- 
stlck  forces.  The  approximate  formula  developed  for  cal- 
culating the  normal  accelerations  produced  during  an 
abrupt  pull-up  maneuver  is  simple  to  evaluate  and  has  been 
found  to  yield  reasonably  accurate  results,  particularly 
at  high  speeds. 


Langley  Memorial  Aeronautical  laboratory. 

National  advisory  Committee  for  Aeronautics, 
Langley  Field,  Va. , July  22,  1941, 


NaCA  Techr-ical  ITote  ITo.  828 


25 


Uo 

7 

u 

V 


P 

q 

r 

0 

a 

P 

e 

5 

X.  T.  Z 

L 

V 

!T 

E 

e 


AFPEKDIX 
List  of  Symlaols 

velocity  along  axis  in  steady  flight 

velocity  along  flight  path 

velocity  along  X axis 

sideslipping  component  of  velocity 

velocity  along  Z axis 

angnlar  velocity  in  roll 

angnlar  velocity  in  pitch 

angular  velocity  in  yaw 

angle  of  hank 

angle  of  yaw 

angle  of  attack 

angle  of  sideslip  (®v/Uo) 

angle  X axis  makes  with  horisontal 

control  setting,  with  appropriate  subscript 
(6°  indicates  that  values  are  in  degrees 
and  not  in  radians) 

eon^onents  of  force  along  X,  T,  and  Z axes, 
respect  ively 

rolling  moment  about  X axis 
pitching  moment  about  T axis 
yawing  moment  about  Z axis 
hinge  moment 
wing  span 

chord  (of  wing,  unless  otherwise  subscripted) 
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S area  (of  wing,  unless  otherwise  subscripted) 

I tall  length  (distance  from  center  of  gravity 
to  tall  post) 


m mass 

u,  relative  density  factor  — -S 

l/2pSl 

moment  of  inertia  about  X axis 

mky®  moment  of  inertia  about  Y axis 

mk2^  moment  of  inertia  about  Z axis 

t t Ime 

D d/dt 


density 

gravity  (32.2  ft/sec^) 


ro 1 ling- moment  coefficient 


( 

Vl/2pV“Sb 


) 


pitching-moment  coefficient 


Cu  yawing*- moment  coefficient 
Cji  hinge-moment  coefficient 
Oy  lateral-force  coefficient 


0^  lift  coefficient 

tall  efficiency  factor 


T empirical  slipstream  factor  to  account  for  con- 
tribution of  fuselage,  wing,  and  propeller  to 
damping  In  pitch 
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lat  eral- stabil  i t y derivatives  in  terniB  of  nnit 

mass  or  moment  of  inertia  of  airplane.  For 
example. 


Ya  = 

H m 

L_  = 

mky.^ 

N = r 


longitudinal- Btabillty  derivatives  in  terms  of 
unit  mass  or  moment  of  inertia  of  airplane. 
For  example. 


mky  ^ 
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Suhscripts  are  defined: 

L solutlone  obtained  when  5Lg  = 1 and  6Ng  = 0 
N Bolntlona  obtained  when  6L5  = 6 and  = 1 

a aileron 
e elewator 
r mdder 
t time 

o Initial  valtie 

Primed  aymbole  refer  to  horisontal  tail. 

SOLUTIONS  0?  THI  LATEiUL  EQUATIONS  OF  MOTION  NHEN 
THE  ROLLING  DI STUF.BaNCE  IS  UNITY  AND  THE  YAWING 
disturbance  is  zero  (5L5  = 1;  6N5  = 0) 


The  stability  equation  F(D)  =0  is  obtained  from 
equation  (2)  of  the  text  by  expandliig  the  third-order  de- 
terminant formed  by  the  coefficients  of  the  variables. 
Thus. 
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-ig 

-h. 

* J>‘  -/  Ip  + K,  + 

■"  ^ (?’■*  h)*  »'rlp  - lp»p  + l" 

* - ^ ("rip  - IrSp)-  tpSp  ♦ ^ 

* ffj'  = 0 


Let  A^,  Ag,  and  A^  he  the  four  roots  of  this 

equation  F(D)  = 0 and  form  the  following  producta; 


^ ^2  ^3  \ (ijBj.  . 

d - Xl  - Xj)  (Xj._  X,)  (x,  _ X^) 

» - (X2  - ^^)  (Xa  - X,)  (x,  - X^) 

® “ ^ - ’'0  (\  - x=)  (x,  - X,) 


* * >^4  (X4  - X,)  (x^  - X,)  (x^  - X,) 

variables  can  be  ex- 

Ld  the  producta  of  the  roots  Just  formed 

d the  stability  deriwatlves.  By  use  of  the  auxiliary 
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relations  ^ = F and  rr  = r solutions  can  he  written 

dt  dt 

directly  for  both  ^ and  \i/.  As  it  is  usually  desirable 
in  this  work  to  determine  ^ and  \(/  rather  than  p and 
r,  it  is  convenient  to  solve  for  and  V directly  and 

then  to  differentiate  each  of  these  solutions,  respecti^'e' 
ly,  to  obtain  p and  r if  these  variables  are  wanted. 
The  solutions  follow: 


Angle  of  Bank 
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Angle  of  Sideslip 


where 


4 


Xgt  X^t 

+ h.*  * h‘ 


_ e -Nr 

Uo  P 


g 

(ii--  ??:- 

)-_X££ 

1 

) - >'=lfp 

Uo 

B 

_ g 

- "r' 

) - 

Uo 

s 

= J- 

(’'4  - »r  / 

Uo  T 


+ 


Angle  of  Yaw 


^lt  X,t  X-t 

'1/1  = 'I'l  * + '1/t  o ‘'  + '|/t  e + 

0 "a  "s 


where 
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^1/ 


L 


0 


-A 

“Ip 


'I'L 


1 


3_ 


Tp»p 

"Uo 


TpHp 

»o 


Tawing  Velocity  Tj^ 


ri,  = f- 


The  yawing  velocity  ie  most  easily  obtained  by  direct 
different  iat  ion«. 


Rolling  Velocity 


The  rolling  velocity  ie  most  easily  obtained  by  di- 
rect differentiation. 
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80LUTI0I8  or  THE  LATBEaL  ECiUATIONS  OP  KOTION  WHEH 
THl  TAWINO  DISTURBAKCB  IS  UNITY  AND  THE  BOLLINO 
5ISTUHBANC1  IS  ZERO  (5»g  = 1;  6Lg  = O) 

Angle  of  Bank 


X t . \t 


o 1 '"a  *4 


vkere 


!£ 

_ Uq 

P 


(^1 


(-^li  - S * \ 


N. 


- 


'N. 


E 


[-ip  - Ir 


’IT. 


A 


-Lp  - Ir  5^  + 
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Angle  of  Sideslip  pjj 


X.t  Xgt 


X^t 


where 


gLr 

b - 


lb:  + X L - X ' 
u«  IP  ^ 


’B. 


— - + 

Uo  2 P ® 


^3  = - 


f> 

--  + X,Lp  - X, 


= 


ik  . . X/ 


Angle  of  Taw  >1/ 


B 


X»t 


X,t 


X^t 
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where 


g_ 


••  L 


e 

p ur 


IT, 


-t  * Kl.^  It  - L.  i. 

_1_3  __  Uo ^_Uo 

" R - 


V = ’'*>  , « 

"*3  Uo  ^3^  Uo  ” ^P  Uo 


Kh 

— 


Yawing  Telocity  rjj 


*•11 


d 

dt 


The  yawing  velocity  is  most  easily  obtained  by  direct 
different iat Ion. 


Rolling  Velocity  pjj 

" dV 

The  rolling  velocity  is  most  easily  obtained  by 
direct  differentiation. 


36 


SACA  Teclinical  Kote  So.  828 


DI8CUSSI0S  OF  THE  JSCtUATIOS  F(D)  = 0 


For  moot  airplanes  the  solution  of  r(E)  = 0 will 
yield  both  real  and  itaaglnary  roots.  In  the  solution  of 
the  equation,  the  real  roots  can  first  be  Isolated 
( Horner* s method)  and  extracted  from  the  equation.  The 
imaginary  roots  can  then  be  found  by  solving  the  result- 
ing quadratic.  Because  Imaginary  roots  always  occur  in 
pairs#  two  of  the  roots  will  bo  of  the  form  a i lb, 
where  a and  b are  constants. 

The  components  of  the  motion  containing  the  imaginary 
roots  can  bo  combined  conveniently  into  a single  term  in- 
volving only  real  numbers.  In  the  case  of  0j,,  the  solu- 
tion is 


Xit  . ^2^  J ^3^  J ^4^ 


If  X and  X.  are  the  conjugate  imaginary  roots# 

3 ^ 


x_t  X^t 

j + p-r  ® will  also  be  imaginary. 


Lot  X-  * a + b;  then 


will  bo  imaginary  and 


can  be  reduced  to  the  form  S__i._i.ll.  Further, 

0 + iH 


*_t  ii  Gl_“  IH  = t&  -t-  FH  - i (HE  - FSl  = I ♦ i£ 
a + IH  G - IH  G°  + * 


and 

X_t  X t 


^ e = ^ c®®  ^ + *y) 


where 


7 - g tan 


"(0 
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THE  EEEECT  OF  COWLIITC  SHAPE  OD  THE  STABILITY 
CHARACTERISTICS  OF  AH  AIRPLAHE 
By  C . J.  Donlan  and  W,  Letko 


SUMMARY 


Three  widely  different  noee  shapes  were  tested  on  a 
fuselage  alone  and  on  a complete  model  in  the  IIACA  sta- 
bility tunnel  to  Investigate  the  effect  of  cowling  shape 
on  stability  characteristics.  The  results  are  presented 
in  the  form  of  charts  which  show  the  variation  in  the 
a e r odynami c char act  eristics  with  the  three  noso  shape  s for 
the  propoller-romovod  condition  over  a wide  range  of  an- 
gles of  attack  and  yaw. 

The  results  of  the  investigation  indicated  that  large 
changes  in  the  cowling  shape  produced  relatively  small 
changes  in  the  aerodynamic  characteristics.  The  effects 
may  bo  appreciable,  however,  in  the  case  of  an  airplane 
that  has  marginal  stability. 


IlITRODUCTION 


The  trend  in  contemporary  airplane  design  toward 
higher  wing  loadings,  smaller  wing  areas  with  respect  to 
fuselage  areas,  and  larger  moments  of  inertia  makes  the 
attainment  of  satisfactory  stability  characteristics  in- 
creasingly difficult  (reference  l) . Small  changes  in  the 
stability  parameters,  therefore,  may  produce  significant 
changes  in  the  stability  characteristics  of  the  airplane. 
One  common  change  made  on  existing  airplanes  is  a modifica- 
tion of  the  engine  covrling.  Recent  flight  investigations 
have  suggested  that  changes  in  the  type  or  the  shape  of 
engine  cowling  may  alter  the  flying  q^ualities  of  an  air- 
plane, but  little  direct  information  is  available  con- 
cerning these  effects.  Pressure-distribution  measurements 
over  covrlings  of  various  shapes  are  given  in  references 
2,  3,  and  4„  Reference  2 contains  data  on  cowlings  over 
a considerable  range  of  angles  of  attack  but  does  not  s ow 
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the  effect  of  the  cowling  on  the  fuselage  pressure  distri- 
hution,  Eeforonccs  3 and  4 contain  extensive  pressure- 
di strihuti on  moasuroment s at  low  angles  of  attack  on  a num- 
hor  of  cowling-fusolage  arrangements  over  a wide  range  of 
Mach  numhors,  Hofcronce  5 shows  the  effect  of  a radial 
engine  and  cowling  on  the  unstable  moment  of  a stroamlino 
body  but  does  not  show  the  effect  on  the  weathercock  sta- 
bility of  the  complete  airplane.  The  present  investiga- 
tion was  made  to  provide  direct  Information  concerning  t.ho 
effect  of  Cowling  shape  on  the  longitudinal-  and  lateral- 
stability  characteristics  of  the  entire  airplane. 

Two  cowlings  representing  extremes  in  contemporary 
design  practice  were  tested.  In  addition,  a streamline 
nose  section  was  tested  to  provide  a basis  for  comparison. 
Arrangements  wore  made  also  for  varying  the  volume  of  air 
flowing  through  the  cowling.  The  propellers  wore  not  rop- 
rosonted.  Tests  were  rnado  of  a fuselage  alone  and  of  a 
complete  model  coneietirg  of  a fuselage,  a wing,  and  hor- 
i cental  and  vortical  tall  surfaces. 

The  paper  presents  the  aerodynamic  characteristics 
in  pitch  and  in  yaw  of  tho  different  combinations  tested. 
The  data  must  be  used  in  a strictl:/  comparative  manner, 
inasmuch  as  no  corrections  for  wind-tunnel  wall  effects 
or  euppcrt-strut  interference  have  been  applied. 


APFAEATUS  AHD  HODSLS 


The  tests  were  made  in  the  closed-throat  ITACA  stabil- 
ity tunnel.  This  tunnel  is  of  recent  construction.  At 
the  outset  of  this  investigation,  the  characteristics  of 
neither  the  tunnel  nor  the  balances  had  been  explored  very 
thoroughly;  consoquontly , no  attempt  has  been  made  to  ap- 
ply any  corrections  to  tho  data  obtained.  In  view  of  the 
comparative  nature  of  the  present  investigation,  however, 
this  procedure  should  not  qualify  any  of  tho  conclusions 
roa  chod . 

The  tunnol  is  oquipped  with  a six-component  balance 
especially  designed  to  measure  the  forces  and  moments  with 
respect  to  a system  of  axes  commonly  used  in  stability 
work.  This  system  of  axes  is  shown  in  figure  1,  Tho  ori- 
entation of  the  drag  vector  should  bo  noted  particularly. 

The  model  used  in  this  invo st i gat i on  is  ropresonta- 
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tivc  of  a convontional  singlo-onglno  military  pursuit  air- 
piano  oqulppod  with  a radial  engine.  A throo-viow  draw- 
ing of  the  0.1-scalo  airplane  model  showing  tho  rolativo 
sizo  and  location  of  tho  streamlino  noso  and  the  two  cowl— 
ings  is  given  in  figure  2.  Although  no  propeller  was 
used,  a.11  nose  sections  were  constructed  in  such  a way 
that  the  plane  of  the  propeller  was  at  a fixed  distance 
from  the  center  of  gravity. 

The  model  was  constructed  of  laminated  mahogany.  All 
exposed  surfaces  were  sprayed  with  lacquer  and  a smooth 
finish  was  obtained.  Both  cowlings  were  modeled  after  the 
cowlings  used  in  the  investigation  reported  in  reference  6. 
Details  of  the  test  arrangement  for  the  IIACA  open-nose  and 
high-speed  cowlings  are  given  in  figures  3 and  4,  respec- 
tively. 

In  the  ITACA  high-speed  cowling,  the  cooling  air  en- 
ters a.t  tho  noso  of  the  foriirard  eloment  of  tho  cowling. 

This  eloment  acts  as  a spinner  and  normall.y  rota.tos  with 
tho  propeller;  tho  rotating  element  is  fitted  internally 
with  cuffs  that  servo  as  fairings  for  tho  pr opollor-blado 
shanks.  In  the  present  investigation,  no  propeller  was 
used  and  the  rotating  olomont  was  held  rigid.  The  cowl- 
ing exit  a.rrangomont  v'as  unconventional  in  that  tho  cool- 
ing a-ir  vras  oxhaustod  through  two  ducts,  ono  on  each  side 
of  the  fusolago,  instead  of  through  the  conventional  an- 
nula.r  exit  at  tho  cowling  skirt. 

The  rosistanco  offered  by  the  engine  to  tho  air  flow- 
ing through  tho  cowlings  vms  simulated  by  perforated  plates, 
the  conductances  of  which  could  be  varied.  For  both  cov/l  — 
ings,  the  condition  of  maximum  conductance  approximated 
the  full-scale  conductance  of  a,  typical  single-row  radial- 
engine  installation  without  cowling  flaps. 

Typical  test  set-ups  are  shown  in  figure  5. 


TD5TS 


The  streamline  nose  and  the  two  cowlings  were  each 
tested  on  the  fuselage  alone  and  on  the  complete  model. 
Each  combination  was  tested  throughout  the  range^of  angle 
of  attack  from  -5°  to  18°  at  angles  of  yaw  of  -5  , 0 , 
and  5°.  Tests  were  made  also  in  v;hich  tho  angle  of  yavr 
was  Varied  from  10°  to  —40°  with  tho  .angle  of  attack  fixed 
at  O"  and  10®. 
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Most  of  the  tests  with  the  two  cowlings  were  run  in 
the  condition  representing  nnxinun  conductance.  Soae  tests 
with  the  MACA  open-nose  cowling  were,  however,  run  with 
zero  conductance:  that  is,  the  flov;  through  the  cowling 
vras  completely  stopped. 

The  tests  were  made  at  a dynamic  pressure  of  65  pounds 
per  square  foot,  which  corresponds  to  a speed  of  about  160 
miles  per  hour  under  standard  conditions.  The  tost  Eoynolds 
number  based  on  the  wing  chord  was  about  888,000.  Repeat 
tosts  were  made  at  dynamic  pressures  of  100  and  125  pounds 
per  square  foot  (corresponding  to  test  Reynolds  numbers  of 
1,190,000  and  1,338,000,  respectively)  but  little  scale  ef- 
fect was  observed  in  this  range. 


PHESEilTATIOlT  OP  RESULTS 


All  data  are  reduced  to  nendimensi onal  coefficients 
and  are  uncorrected  for  initial  asymmetry  in  the  model  or 
air  stream,  for  support -strut  interference,  and  for  wind- 
tunnel  wall  interference.  All  coefficients  are  referred 
to  the  system  of  axes  shown  in  figure  1,  The  coefficients 
for  the, fuselage  are  based  on  the  wing  dimensions.  The 
symbols  end  coefficients  used  in  this  report  are  defined 
as  follows: 

Cp  drag  coefficient  (B/qS) 

Cp  lift  coefficient  (lift/qS) 

Cy  lateral-force  coefficient  (Y/qS) 

Gjj.^  pitching-moment  coefficient  (M/qSc) 

Cj  rolling-moment  coefficient  (L/qSb) 

On  yav;ing-momcnt  coefficient  (ll/qSb) 

D drag  (See  f ig . 1 . ) 

Y 1 at  oral  f or  CO 

M\  pitching  moment 

L rolling  moment 
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N yawing  nonent 

q dynanic  pressure 

V tunnel  air  velocity 

S \7ing  area 

c wing  chord 

K conductance  of  cowling 

a.  angle  of  attack  (thrust  line) 

\}/  angle  of  yaw 

Cy 

^>1/  8i|/ 

« BCi 

c 

a\i/ 


The  Variation  of  tho  neasurod  lift,  drag,  and  pitch- 
ing’— mf)  a an  t cfip.  ffir.lt)  nt,  B with  angle  of  attack  for  the  dif- 
ferent combinations  tested  is  given  in  figures  6 to  8, 

Tho  effect  of  yaw  on  those  coefficients  is  illustrated  in 
figure  9,  Typical  variations  of  tho  lateral-force  coeffi- 
cient, tho  rolling-ronent  coefficient,  and  the  yawing-no- 
ment  coefficient  with  angle  of  yaw  are  presented  in  fig- 
ures 10  to  12. 


The  variation  of  tho  stability  parnnotors  Oy  , 


and  C„  with  angle  of  attack  is  given  in  figures  13  and 
't/ 

14.  Tho  para.notors  Cy  , C,  , and  C represent  tho 

■^'4/  ‘'\|/ 

slope,  at  zero  yaw,  of  tho  curves  of  tho  coefficients 
against  angle  of  yaw.  In  figures  13  and  14  the  tailed 


points  are  the  measured  slopes.  The  plain  points  we^e 
evaluated  from  the  data  taken  at  angles  of  yaw  of  ^5  by 


> 


assuming  a linear  variation  of  the  coefficients  in  this 
range.  This  method  of  computing  the  parameters  yields  re- 
sults within  the  practical  limits  of  accuracy  for  angles 
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of  attack  telow  the  stall.  For  angles  of  attack  above  tho 
stall,  the  parameters  evaluated  by  this  method  have  less 
significance. 


DISCUSSION 


A change  in  the  type  or  the  shape  of  the  cowling  on 
an  airplane  could  a.ffact  tho  stability  and  control  char- 
acteristics by  virtue  of  the  following  effects: 

1.  A change  in  the  force  and  moment  con'cribu- 
tion  of  the  fuselage  resulting  from  a r odi str i but i on 
of  nroa  and  tho  altered  basic  pressure  distribution 
over  the  fuselage.  This  prossuro  distribution  is 
affected  also  by  the  conductance  of  the  cowling  - at 
least,  over  tho  portion  of  tho  fuselage  occupied  by 
the  cowling.  (Seo  reference  4.) 

2,  Interference  effects  on  the  wing  and  the 
tail  surfaces  re  suiting  from  the  altered  flow  pat- 
tern around  the  fuselage.  These  effects  may  also 
vary  with  the  conductance  of  the  cowling. 

The  extent  ox  the  effects  attributable  to  changes  in 
the  tasic  pressure  distribution  can  be  determined  from  tho 
results  for  the  fuselage  alone.  A comparison  of  the  re- 
sults for  the  fuselage  alone  and  the  results  for  the  com- 
plete model  should  revoal  some  of  the  effects  attributable 
to  interference.  It  is  appreciated  that  the  comparisons 
should  bo  made  on  a relative  basic;  that  is,  a given 
change  cf  momeut  coefficient  is  of  greater  importance  in 
yaw  than  in  pitch  because  the  total  moment  coefficient  is 
usually  loss. 

Fuselage  alone.-  The  data  in  figure  6 Indicated  that 
the  different  shapes  tested  had  little  effect  on  tho  char- 
acteristics of  tho  fusclago  pitch.  Tho  parameter  most 
affected  was  tho  drag  coefficient . At  high  angles  of  at- 
tack the  more  blunt  NACA  open-nose  cov^ling  had  tho  high- 
est drag,  ca.U80d  possibly  by  an  earlior  breakdown  of  tho 
flov;  over  the  cowling.  A similar  Incroaso  in  drag  is 
noticeable  at  an  angle  of  yaw  of  17  . (Soo  fig.  9.) 

The  effect  of  the  different  noses  on  the  lateral- 
stability  characteristics  should  be  noted  (fig.  13).  The 
fuselage  with  the  NACA  high-speed  cowling  gives  values  of 
Cy^  about  0,0005  lower  and  values,  of  as  much  as 
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0,0003  more  positire,  that  is,  more  unstable,  than  the  cor- 
responding parameters  for  the  fuselage  with  the  NACA  open- 
nose  cowling.  It  will  he  observed  also  that  at  large  an— 
gles  of  yaw  the  fuselage  with  the  IJACA  high-speed  cowling 
developed  considerably  smeller  lateral  forces  than  the 
fuselage  with  the  KAGA  open-nose  cowling.  These  results 
are  in  agreement  with  the  trends  indicated  in  reference  5, 

In  figure  10  the  scatter  of  the  rolling-moment  coefficients 
is  so  great  that  no  attempt  was  made  to  fair  a curve  through 
the  points, 

Comnlete  model.-  Apart  from  slight  irregularities  in 
the  lift  curve  at  an  angle  of  attack  of  about  10  , the 
type  of  cowling  affixed  to  the  fuselage  did  not  apprecia- 
bly affect  the  characteristics  in  pitch  of  the  complete 
model  (figs.  7(a)  and  7(b)).  The  effect  of  conductance 
should  be  noted  (figs.  3(a)  and  8(b)).  With  zero  conductr-. 
anco,  a breakdown  of  the  flow  probably  occurs  at  a lowor 
angle  of  attack.  This  condition  is  associated  possibly 
with  the  development  of  critical  peak  pressures  on  the 
ccvrling  at  lower  angles  of  attack  as  the  conductance  of 
the  cowling  is  decreased.  (See  reference  4.) 


The  effect  of  the  three  nose  shapes  on  the  lateral- 
stability  characteristics  of  the  complete  model  (fig.  14) 
is  similar  to  the  effects  observed  on  the  fuselage  alone. 
The  values  fluctuate  somewhat  with  angle  of  attack  but  it 
is  seen  that,  in  the  normal  range  of  angle  of  attack,  the 
value  of  for  the  IIACA  high-speed  cowling  is  always 

less  than  the  corresponding  value  for  the  NACA  open-nose 
cowling  and  that  always  more  positive,  that  is, 

for 


more  unstable,  than  the  corresponding  value  of 

the  NACA  opon-nose  cowling.  The  actual  increments  in 
these  parameter s wore  of  the  same  order  of  magnitude  as 
those  observed  for  the  fuselage  alone;  that  is,  “ 


-0.0005  and  = 0,0003.  Check  tests  made  of  the  fuse- 

lage in  combination  with  the  horizontal  and  vertical  tail 
surfaces  have  verified  these  observations.  The  absolute 
differences,  however,  arc  small  and,  if  plotted  to  the 
scale  of  figure  11,  may  be  overlooked.  In  figure  14, 
fluctuations  in  the  parameter  Cj  around  11  or  12  indi- 
cate that  both  wings  do  not  stall  simultaneously.  The 
effect  of  conductance  was  not  ixivost  igated  very  extensive- 
ly but,  at  low  angles  of  attack,  it  appeared  to  bo  small. 
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At  large  angles  of  yav;  the  results  for  the  SAGA  open- 
nose  covrling  shew  larger  latera.l-f orce  coefficients  and 
larger  yav/ing  moments  (fig.  ll).  The  favorable  effect  of 
the  flow  through  the  cowling  cn  the  rolling  characteris- 
tics at  angles  of  yaw  beyond  15  is  interesting. 

The  effect  of  the  cowlings  cannot  be  rigorously  sep- 
arated into  changes  resulting  from  the  altered  basic  pres- 
sure distribution  over  the  fuselage  and  changes  resulting 
from  interference  effects  on  the  flow  over  the  wing  and 
tail  surfa.ces  v-ithout  complete  data  on  all  combinations  of 
the  wing,,  tail  surfaces,  and  fuselage.  It  would  appear 
from  a comparison  of  the  resixlts  for  the  fuselage  alone 
anu  for  the  complete  model,  hov/cver,  that  a large  percent- 
age of  tlio  changes  in  the  stability  parameters  woro  pri- 
marily attributable  to  tho  altered  basic  prossuro  distri- 
bution over  the  fuselage. 


COHCL'JSIOKS 


Tho  results  of  this  investigation  admit  the  following 
conclusions  concerning  the  effect  of  cov/ling  shape  on  the 
stability  cliara.ct  o r i st  1 cs  of  a.n  .airplane; 

1.,  Ordinary  chnngos  in  the  typo  or  tho  shape  of  a 
c ov;li ng  affixed  to  .an  airplane  are  apt  to  pr odvi c o a ppr o ci  — 
.able  ch.angos  in  the  la  t oral- sta.bl  li  ty  oha.ract  eri  st  i c s of 
tho  airpla.ne  onlv  if  tho  Initial  stability  is  marginal. 

In  the  prosont  investigation  a.  radical  change  in  tho  sh.apo 
of  the  cowling  resulted  in  only  a small  reduction  in 
Ttf  c a t h c r c 0 c k s t a b i 1 i t y . 

2,  Below  tho  critical  speed  of  tho  cowling,  practi- 
ca.l  v.ariations  of  onglne  conductance  will  have  minor  ef- 
fects on  nhe  stability  characteristics  of  tho  airplane,  ox- 
coT)t  possibly  in  the  neighborhood,  of  the  sta.ll. 

Langley  Momori.al  Aor on.autical  Laboratory, 

National  Advisory  Committee  for  Aororautics, 
la.nglcy  Field,  Va. 
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Yawi  nq^  l moment 


Figure  'i..-  System  of  axes  i.sod  for  force  and  moment  measurements 
in  tiio  5t. tunnel. 
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SOME  THEORETICAL  CONSIDERATIONS  OF  LONGITUDINAL. 
STABILITY  IN  PO;;SR-ON  PLIGHT  WITH  SPECIAL 
REFERENCE  TO  WIND-TUNNEL  TESTING 
By  Charles  J.  Donian 

SUMMARY 


Some  prohlams  relating  to  longitudinal  stahility  in 
pov;er-on  flight  are  considered,  A derivation  is  included 
which  shows  that,  under  certa.in  conditions,  the  rate  of 
change  of  the  pitching-moment  coefficient  with  lift  coeffi- 
cent  as  obtained  in  wind— tunnel  tests  simulating  constant- 
power  operation  is  directly  proportional  to  one  of  the  in- 
dices of  stability  commonly  associated  with  flight  analysis, 
the  slope  of  the  curve  relating  the  elevator  angle  for  trim 
and  lift  coefficient  (or  velocity).  The  necessity  of  ana- 
lyzing pov/er-cn  v/ind-tunnel  data  for  trim  conditions  is 
emphasized  and  a method,  is  provided  for  converting  data 
obtained  from  constant-thrust  tests  to  simulp.tod  constant- 
throttle  flight  conditions.  It  is  demonstrated  hov;  a 
downv;nrd  tcail  ioaa  required  to  trio  an  .airplane  results  in 
decreased  stability  in  po'-'or-on  flight  and  why  a longitudinal 
cent er-of-gravity  movenoat  is  likely  to  affoct  the  stability 
char nc t or i st ic s less  in  powor-on  flight  than  in  power-off 
f light . 


INTRODUCTION 


The  effect  of  running  propellers  on  the  longitudinal- 
stability  characteristics  of  airplanes  has  been  appreciated 
for  ma,ny  years.  The  increased  use  of  powered  models  for 
wind-t\:.nnel  testing  has  greatly  increased  the  amount  of 
emperical  information  on  the  subject.  The  evaluation  of 
v/ind-tunnel  data  secured  v/ith  a pov/er  model,  hov/ever,  de- 
mands a greater  appreciation  of  trim  conditions  than  the 
e valuat  ion  of  conventional  power  — of  f da.ta.  Data  obto-ined 
from  tests  made  v/ith  the  propeller  thrust  held  constant 
(reference  1),  for  example,  consequently  require  an  inter- 
pret a,  tion  different  from  data  obtained  either  from  tests  in 
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which  the  propeller  thrust  is  permitted  to  vary  or  from 
tests  in  which  the  propeller  is  absent, 

The  purpose  of  the  present  paper  is  to  correlate  the 
different  test  procedures  used  in  testing  a model  eauipped 
with  running  propellers  and  to  establish  the  significance 
of  the  data  obtained  for  the  determination  of  the  longi- 
tudinal-stability charac t or ist ic s . The  slopes  of  the  wind- 
tunnel  pit ching— moment  curves  are  correlated  ’rith  the  index 
of  stick-fixed  stability  commonly  used  in  free-flight  test 
work  - the  variation  of  elevator  angle  for  trim  vrith  speed 
or  lift  coefficient.  It  is  believed  that  a demonstration 
of  the  quantitative  relationships  existing  between  these 
different  indices  of  stability  v/ould  aid  in  the  correlation 
of  flight  and  wind-t’nnnel  tests.  The  paper  also  considers 
the  magnitude  of  tne  changes  in  the  stick— fixed  power-on 
stability  of  an  airplane  resulting  from  a chnxige  in  center— 
of- gravity  position  and  the  different  tail  loads  necessary 
for  trim. 


SYMBOLS  AND  FORMULAS 


Ctj  lift  coefficient 

Cx,^  lift  coefficient  of  horizontal  tail 

-Ctj  drag  coefficient 

Cv  longitudinal  force  coefficient  of  wing 

■^w 

pitching-moment  coefficient  of  wing-fuselage 
0 . combination  about  aerodynamic  center 

Cm  pitching-moment  coefficient  of  airplane  excluding 

propeller-thrust  component 

C.,r  resultant  p.itch ing-moment  coefficient  (includes 

propeller-thrust  component 

c mean  aerodynamic  chord  (M.A.C.) 

Cq  mean  elevator  chord 

C ratio  of  distance  cf  center  of  gravity  back  of 

leading  edge  of  moan  aerodynamic  chord  to  mean 
aerodynamic  chord 
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ratio  of  distance  of  aerodynamic  center  of  wing 
"back  of  leading  edge  of  mean  aerodynamic  chord 
to  mean  aerodynamic  chord 

distance  of  mean  aerodynamic  chord  "below  center  of 
gravity 

distance  of  thrust  axis  "below  center  of  gravity 

distance  from  center  of  gravity  to  hinge  line  of 
horizontal  tail 

distance  from  center  of  gravity  to  plane  of  propeller 
disk 

wing  area 

horizontal  tail  area 
elevator  area 

propeller-disk  area  (ttD^/4) 
propeller  diameter 
propeller  rotational  speed 
velocity  of  flight 
slipstream  velocity 
advance-diameter  ratio  (Y/nD) 

function  of  J and  propeller-blade  angle  for  an 
inclined  propeller  (reference  2) 

thrust 

angle  of  attack 

flight-path  angle 

angle  of  airplane  to  horizontal 

angle  of  attack  of  horizontal  tail 

downv/ash  angle  at  tail  due  to  v/ing 
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dov;nv;ash  angle  at  tail  due  to  propeller 

initial  horizontal  tail  setting 

elevator  angle 

weight  (mg) 

mass  of  the  airplane 

gravity 

mechanical  advantage  of  elevator— control  system 
radius  of  gyration  about  Y axis 

component  of  thrust  coefficient  along  X axis 
during  motion  *0'^^) 

component  ox  thrust  coefficient  along  Z axis 

during  motion  j (Tq*  + ^ a 
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elevator  hinge— moment  coefficient 


R = (Vg/V) 


T,»  = 


T-‘  ,= 
u 


dTc' 


du ' 


k - Jl.  ^ 


Ry  = ^y/C 
u«  = AY/7 


CD,  =T 


epS^V  Q 


a Yq 


5 


o\ 

t 


la-^  I 


'w'-  f 


‘u' 


,L  ^ O T’’  ‘ 

p o V 

0 


bu  * 

b Cm 
b '0.  • 


cos  Y, 


'm 


a 


be, 


n§ 


■Jo  5 


'^(L4 


boc 


bCi, 

"a. 


"-a 


cl  'J  j 
da 


= — — cor  rad; 


Cl  Cr 
da 


'■'  ■cr  ral: 


u 1 C jL^  1 01*  C L 

f :=  j 


M*  = 


K. 


-^Y  P^o 
7~  V/'  ^ 

S(j,( 


0 cquililDr  iun  condition 

nt  tail  removed 
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THE  DETEEMIUATION  OF  LOrfrlTUDIEAL  STABILITY 
CHAEACTEHISTICS  FHOM  WIITD-TUirilEL  TESTS  OF 
A MODEL  Ei^UIPPED  WITH  RUNNING  PROPELLERS 


A significance  of  wind-tunnel  data  obtained  with 
running  propellers  for  the  dotermination  of  longitudinal- 
stability  characteristics  can  be  evaluated  by  comparison 
witli  existing  criteriona  for  longitudinal  stability  com- 
monly used  in  flight— tost  work.  One  of  the  simpler  ex- 
periments to  perform  in  flight  consists  in  determining  the 
position  of  the  elevator  required  for  trim  over  a range  of 
flying  speeds  with  the  throttle  sotting  fixed.  When  the 
elevator  positions  thus  obtained  are  plotted  against  lift 
coefficient  (or  airspeed),  an  index  of  the  stick— fixed 
stability,  v;hich  is  commonly  used  in  flight  ’.vork,  results. 


This  index  of 


stability  is  the  slope  (dS-ZdCr) 

® ^ trim 


This  criterion  of  stability  is  also  asso- 


ciated v.'ith  the  slope  of  the  resultant  pit  ching— moment 
curve  — a curve  readily  obtained  from  wind-tunnel  data. 

It  is  of  interest  then  to  know  specific  quantitative  rela- 
tionships involving  these  quantities  in  pov/or— on  flight. 
These  relationships  are  subsequently  developed. 


The  reader  v;ho  v;ishes  to  acquaint  himself  with  the 
desired  fundamental  relationships  v'ithout  familiarizing  h 
himself  with  the  details  of  proof  may  omit  the  following 
development  and  turn  Immediately  to  equation  (iD), 


Theory 

The  equations  of  equilibrium  for  an  airplane  in  power- 
on  I'light  subjected  to  the  forco  system  illustrated  in  fig- 


ure 1 may  bo  written  as  follows: 

T cos  a — Cj)  — mg  sin  Y = 0 (la) 
— T sin  a — Cj,  i’pSy,V  + mg  cos  Y = 0 (lb) 
Th  + 0„  ipS„0V°  = 0 (=0m  ipS„oV=)  (Ic) 
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If  it  is  assumed  in  equation  1 that  the  throttle 
setting  is  fixed,  any  snail  increments  imposed  on  any  of 
the  variables  must  he  such  as  to  maintain  equilihriuni. 
After  a small  change  in  attitude,  equat  ' on  (l)  may  he 
transformed  into  the  following  set  of  equations! 


AV 


(2Pd  - 3Cd)  -^  + (Oj,  - Cl^)  ~ 


Aa  — Cjj  ^AV  - 0 


(2Pl  + 2Cl)  ~ + I (C-  + Cd^)  + Aa  + Cd^AV=  0 


iOjJ. 


« ■ Cj:  , -w-  + 

Av2  ^*u‘  V 


'U- 


Cna^G,  + 


2(A 


A6„  = 0 


2C. 


AV 


+ Cv  Aa  + A5  - 
V ^a  “6  e a 


(2a) 
( 2h) 
( 2c) 

(2d) 


Pron  the  foro,f;oins  equations  the  follovring  relation- 
ships hotvjoon  tho  increments  6q,  a,  and  f may  ho 
estahl ished: 


d5, 


A6, 


Aa 


£ 

P 


hif 


vjhcr  e 


E = - (Cl  + Pl)  - CD,  (Cp  - Pd)J 

+ H [Cl,  (Cl^  + Cp)  + Cp,(CL  - Cp^)j 


^ I Cl  (Cl  + Pl)  - CDi(cd  - pd) 


.1 


P 3 


(3) 


= 1^Cl^(Cl  + Pl)  - Cd^(Cd-Pl)_ 

+ Cj,g(CH^,  - 2C^g)  [cl^(Cl  + Pl)  - Cp^(Cp-  Pp)_ 
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The  terjn  E is  the  fanili'ar  constant  term  associated 
\/ith  the  hiquadratic  equation  for  power— on  stick— fixed 
stability.  If  the  airplane  is  suddenly  displaced  from  its 
equilibrium  condition,  it  v/ill  continue  to  diverge  from  this 
position  if  E is  negative.  Hence,  for  stability,  E must 
remain  positive.  If  the  substitutions 


( cos  Yq) 


ana 


V 


^ W ( 


(sin  Yj 


are  made,  E may  be  rewritten  as 

f _ 4|a  W 2 f 1 / V 1 

^w  pV'o”^  ’^o(  Cl  + Pl)  — Yo(Cl  — P]})J 

- i ^o('l.a  * '»)  + “I"  ■'o  ('3  (4) 


Equation  (4)  is  the  ^/.eneral  expression  for  E for 
pov'er-on  flight,  For  small  valuer,  of  y^, 

sin  Y^(Cj3  - Pj,)  « cos  Y^(  C>  + Pj^ ) and 

sin  Y^j(Cj)  + Cr^J  « cos  V^(Cr  + Cp);  also,  Pl«Cl  , Cp«Ci,  , 

oc* 

and  oos  Y^  = 1,  i’/ith  these  simplifications,  equation  (4) 
reduces  to 


E = — 


4m,  W 


3 S 

“Y  w 


Cm^CL  - 


h^u» 


P V 


2 


or 
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vci,y 


" (“"a  - 


2 Ct 


wh.er  e 


= 


¥ 

F" 


Further,  if  the  notation  is  changed 


l^£i^  z = _ j iS;  i_  ('y  iE£  + T ilai  i ^ 

\Cl//  \ da  J 2 '^.a  Cj,  \ dV  dV  c / 


( 4a) 


dividing  hy  dCj^/da  yields 


40i  ^ - soj  V.  -ST  + If 


aTc'  h ^ 

av  z } 


Now,  from  equation  (ic) 


Cm  = Cm  + Tc*  c = 0 


and  on  differentiation 


^ ffm  ^ ^ h 
\‘^°LycH=0  c 


dC„  dT.» 


For  the  small  values*  of  0 


W = ^ pSwV^Ci 
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= constant  (approx.) 


nence 


27 dY  + dCj^  = 0 


and 


Under  tlie  conditions  V^Ct,  = constant  and  constant  throttle 
oper  at  ion 


~ ^m(  ^ ) 


or 


_ 


VoOi/^  VSV  VdCi,y^. 


Cj^  - constant  and 

constant  throttle 


Further 


and 


dC, 


( 6 ) g iv  e s 


dCv' 


KiOr/ 

^ c.  =0 


iCn 

dCp 

. dTo’ 

dV 

dV 

dCx 

XI 

of  equati 

' 1 
2Cl 

T /'be 


2Cl 


ra 


( Sa) 


V ( dTe'^ 
dV  ^ 


(6h) 


and  nov;  eouation  (O)  may  he  rewritten  as 
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Ki  1 


Sj  - 

Cl  ^1  - ^■iOi; 

da 


(8) 


ON 

o 

:-(^ 

1 

Efuiat 

i on 

v-1 

constant  t 

era 

on  flight 

a.nd 

c ur  V e I or  p o v/  ©r—ou  j.  j,  j.  ^xa  o#  ai#  xw,  wo  **-^«v<*^*» 

that  in  equations  (6)  and  (7)»  the  terms  Cj,  and  dCjjj/dCj, 

must  include  any  effects  of  the  slipstream}  that  is, 


(.Cl) 


slipstream 


(9  a) 


ana 


da 


' s ClN 


dV 


r. 


d?c« 


V'-^ayn  ,.,o 


■) 


(9h) 
= constant  and 
constant  throttle 


The  relationship  d5g/da  = - E/S’  can  now  he  developed  in 

( dCii'^ 

terms  of  t?.ie  ouantity  v ~,u~  / 

^i=hcH=0 


?r om  equation  (3) 


d5  e^\ 


dco7c,.  = o" 


E 

E 


Nov; 


W 2 

^v;  ^ VdCj^yQjj^Q 

^m.  i (Cp-Pp)] 


/ V , ^ ^ 2 f \I 

1 ( - '^D  , ^ ^ ^ „y  a \S 

1 - P’'  0 


pVo' 


Cl 


_ / W 3 Ns  _ ; 

V.Sw  pv'  2y'  " 1 
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for  small  values  of  0*  Hence 


2 /££m\ 


Cjiig  Cl' 


d.  Cj^y  Ct./r=  0 


and 


(10) 


Ecuatr-on  (lO)  states  precisely 
v/ith  a fixed  throttle  setting, 


fixed  staoility 


is 


that  for  power— on  flight 
the  flight  index  of  stick;— 

■proportional  to  the  slope 


of  the  res-altant  pitching-moment  curve  at  only  the  point 
Ck  = 0.  2116  proportionality  factor  is  the  negative 

reciprocal  of  the  elevator  effectiveness  parameter,  ®mg 


In  equation  (10)  the  slope  dCpi/dCi  may  he  evaluated 
from  the  wind— tunnol  test  data*  The  slope  of  the  vrind— 
tunnel  resultant  pitching-nor.ent  c-urve,  hovrever  , depends 
on  the  test  proccdu'i'o  adopted  for  tne  investigation.  In 
the  'ircsent  analysis  tivo  proced'urcs  lor  testing  a monel 
eciuipped  with  running  propellers  will  he  considered.  In 
one  method,  the  model  propeller  thrust  is  held  constant 
as  the  angle  of  attack- is  varied,  the  process  being  re 
peated  for  different  amounts  of  thrust.  The  expression 
"cox'.stant  thrust”  v/ill  he  associated  v.^ltli  this  test  pro— 
ced’are.  In  the  other  method,  the  thrust  is  varied  with 
lift  coefficient  in  a predetermined  manner  such  as  to 
simulate  the  thrust  condition  thet  exists  on  the  full- 
scale  airplane  v’hen  flOv'fn  at  a fixed  manifold  pressure 
(constan'b  throttle  setting).  (For  constant— speed  pro- 
peller operation  the  propeller  sp)eed  is  also  constant.) 
This  type  o'f  testing  will  he  referred  to  as  the  "constant- 
power”  procedure.  The  const  ant— thrust  procedure  v/ill  oe 
considered  first. 
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Constant— fhrust  Procedure 

Por  the  purposes  of  analysis,  an  airplane  of  the 
s ingle— engine  tractor  type  v;ith  conventional  tail  arrange- 
ment will  he  considered.  If  the  entire  tail  surface  is 
assumed  to  he  subjected  to  slipstream  .action,  the  resultant 
pitching— moment  coefficient  may  he  written  as  follows; 

St  K 

Ch  = Obiq  + ( Cg  - Ca)  Ol  — (■§)  Cx^  - -3- 


I 2 8 Sp  Z 

~ TT 


h 

a + — 


( 11) 


The  factors  Cl.  and  Cx^  exclude  direct  thrust 

effects  hut  include  interference  effects  due  to  the  slip- 
stream, (See,  for  example,  equation  (9a),)  When  only 
part  of  the  tail  is  included  In  the  slipstream,  the  fourth 
term  on  the  right  side  of  equation  (ll)  will  he  lower  hut 
will  depond  on  the  identical  parameters.  The  fifth  tern 
represents  the  contribution  of  the  aerodynamic  side  force 
developed  by  the  Inclined  propeller  (reference  S),  In 
this  analysis,  this  contribution  v;ill  he  grouped  with  the 
aerodynamic  terms  rather  than  with  the  direct  contribution 
of  the  thrU‘.’t, 

If 


H » i + Tc' 


and  it  is  assumed 


dR  dH  dTc' 
dCi,  " ItT^  dCp, 


differentiation  with  respect  to  the  over- all  lift  coeffi- 
cient yields 
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dCL 


( Cg 


. i£Xw  _ li  £t 
”■  c dCL  c s„  dCL 


la  3 Sg  Z da  ^ h dTc* 
c n J'”^  dCi,  c dCj^ 


h St  dTc'  , 

c Sp  dCj, 


Eauation  (12)  represents  the  general  variation  of  the  re- 
sultant pit ching-mofflent  coefficient  with  lift  coefficient 
as  it  includes  terms  involving  the  variation  of  propoller 
thrust.  If  the  constant-thrust  test  procedure  is  omploycd 

(T  1 = constant),  equation  (12)  reduces  to 
c 


( Cg  — Ca) 


dCr 

•"‘w 

0 dCi, 


li  dCXit  ^ 2s.  — 

T dCx,  c n S,.,  J2  dCL 


( 12a) 


The  term  dC^  /dCi  is  assumed  to  he  independent  of  Tq* 
hecaus  e 


d0~'  ~ dc-  ^ VdCj^  dCj/ 


and  experiments  indicate  that  dCp/dCj^  is  essentially 
constant,  at  least  for  the  flap-up  condition.  It  is  seen 

that  the  value  of  f , varies  with  the  naenitude  of 

T ’ hut  that  it  is  essentially  independent  of  the  tail 

load  and  hence  of  the  value  of  the  pitching  moment  at  which 
the  slope  is  measured.  Accordingly,  it  makes  little  differ 
ence  vrhethor  the  model  is  trimmed  or  not  and  the  slope 

f—21]  may  ho  evaluated  v;ith  any  tail  sotting,  although 

V<3-Cl/i  I 
c 
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it  should  he  appreciated  that  the  slope  of  the  pitchinf:- 
moiiiunt  curve  obtained  from  the  constant— thrust  procedure 
is,  hy  itself,  rneanin^^less  from  the  consideration  of  sta— 
hilitj'-  in  steady  flifrht. 


In  order  to  estimate  the  stability  parameter 


/’j-gj'tN 


from  wind-tunnel  data  obtained  by  the  donstant— 

Cjj=0 

thrust  procedure,  it  is  now  necessary  to  evaluate  the  terms 


!Cl 


dT^‘ 


+ V 


c h 


dV  c 


= - 


c Sp  dC^  c dCjj 


wher  0 


Thus 


vJl!^!Z£L 


( 


St 


dC,-N  /SC,  A 

— i:  t d . 

dCr/  ^2iCt/ 

0m=0  T ' 

c 


Cv 


St  dTc'  h <3-Tc' 


/ „ . Sw^St  c Sp  dCL 

* *c'  r,k  T 


4*  — 


c dCi 


dTo» 


_n 

C\  Sp/  Sw  c 


(is) 


The  fore^'oing  relationships  can  be  used  to  estimate 


/dCH 


\ 


when  tunnel  data  are  available  in  the  form 


/ dC^vi 


f or 


Ch=0 
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■both  tail— on  and  tail— off  conditions  and  when  propeller 
data  are  availa’ole  to  evaluate  the  quantity,  dT^'/dCj^, 

Prom  equation  (Sb) 

f 

dOj^  20j,  V dV  / 

The  slope  dl^* /dV  is  best  determined  graphically  for  the 
particular  condition  under  consideration,  A method  for 
finding  the  variation  of  propeller  thrust  with  forward 
velocity  for  either  fixed— pitch  or  controllable— pitch  con- 
stant-speed propellers  is  outlined  in  reference  3,  Figure 
2 typifies  the  variation  of  thrust  coefficient  and  blade 
angle  with  velocity  for  constant— speed  propeller  operation. 


Const  ant— Power  Procedure 

If  in  equation  (12)  the  thrust  is  varied  in  accordance 

) is 

representative  of  the  c onstant- power  test  procedure.  The 
direct  relationship  between  the  resultant  slope  of  the 
p it  ch  ing— noif.  ent  curve  for  the  cens  tant— power  tost  procedure 
and  the  constant  term  S of  the  stability  biquadratic  for 
power— on  flight  has  already  been  established. 

It  is  obvious  from  equation  (12)  that,  in  the  constant- 
power  test  procedure,  the  tail  setting  directly  affects  the 
measured  ’ind— tunnel  p it  ching— mom  ent  slope,  > dCj,i/d3L,  In 

evalust  ing  dCji/dCi,  it  is  cons  equer.t  ly  important  to  use  that 
tail  ret'oing  for  which  the  p.;odc3  is  trimi.ued  (that  is,  - O), 

It  './ill  be  observed  from  equa-ioa  (12)  th,-5t  , in  power— on 
flight,  the  slope  of  the  resultant  p i t c'.iiny— mom  ent  curve  (and 
consequently  the  stability  characteristics)  is  affected  by 
both  the  c ent er— of— gr av i ty  location  and  the  associated  tail 
load  necessarw  to  pro  dace  trim.  Txio  manner  in  which  these 
associated  v?~ri;.bles  affect  the  stability  char  a-ct  er  is  t i cs  forms 
the  subject  matter  for  the  remainder  of  this  pj.per. 


with  the  relation 


dTc» 

dCr 


eo.uat  i on  (i: 
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EPFSCT  OF  TAIL  LOAD  AND  CENTER— OE—GHAV IT Y POSITION 
ON  THE  SLOPE  OP  THE  PITCHING-MOMENT  CURVE 


In  general,  the  contribution  of  the  tail  load  to  tho 
resultant  pit  ching-moment  slope,  dCn/dCi,,  ig  expressed  by 
final  term  in  equation  (12).  Thus 


= - C, 


il  ““I 

c "57  dC^ 


wher  e 


Cl.  = 


Vdat  / L 


c,  — 


/oa. 

Vsl 


A 


Se  + H 


The  effect  of  this  term  on  dC;j/dCL  is  demonstrated  in 
figure  3.  The  theoretical  curve  was  evaluated  by  use  of 
the  pr  op  ell  er— op  er  at  ing  characteristics  taat  v'ere  used  in 
securing  the  experimental  results.  The  experimental  points 
were  obtained  from  data  of  unpublished  tests.  Both  the 
theorotical  and  the  experimental  results  indicate  that  in- 
creased down  loads  on  the  tail  result  in  more  positive 
values  of  dCn/dCp  and  thus  arc  detrimental  to  stability. 


In  accordance  with  equation  (ll),  tao  downward  tail 
load  must  be  increased  to  preserve  the  trim  condition  vAon 
the  center  of  gravity  of  the  airplane  is  moved  lorward. 

In  powor-off  f liglit  , a forv'ard  movement  of  the  center  of 
gravity'"  is  normally  stabilising,  as  it  results  in  more 
negative  values  of  dCw/dCj,,  It  has  ,iust  been  shown, 
hovrever,  that  an  increasing  down  load  on  the  tail  is  detri- 
mental to  stabilitj'-  in  power— on  flight.  Thus,  the  two 
effects  onpose  one  another.  The  results  of  a theoretical 
examination  of  these  antithetical  effects  of  a center-of- 
gravity  mov ein ent  . ar e j^reseiited.  ixi  figures  4 and  5#  n © 
computations  for  figure  4,  the  elevator  angles  necessary  to 
trim  the  airplane  with  the  various  cent er— of— gravity  posi- 
tions were  computed  and  the  associated  values  of  dCjj/dCjj 


>and 


a 


CL^r 


wer  e 


calculated.  The  value  of  dCij/dC^  is 
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the  slops  of  the  p it  eh ing— moment  curve  associatod  with  con- 

^ ^ C ^ 

stant^power  tests;  ^ is  the  slope  of  the  pitching- 

moment  curve  associated  ;/ith  const  ant— thrust  tests.  It  will 
ho  noted  that  the  variations  of  both  dCj^dCr  and  ("~M] 

— c 

with  forward  c ont or-of-gravity  movoment  indicate  a net  in- 
/?  stability,  but  that  the  increased  negative  values 
of  dCjvi/dCi  are  less  than  the  increased  negative  values  of 

\bC-Jr.  t"  ^ comparison  of  these  tv/o  quantities  reveals 

Jj  n I 

c 

directly  the  effect  of  the  increased  dovm  load  on  the  tail 
requ_rcd  for  trim  with  the  forward  cent er-of-gr av ity  position, 


f or 


bCj^Jm  t 
c 


includes  the  effect  of  the  shift  in  center— 


of-gravity  location  but  not  the  change  in  tail  lead,  v/hereas 
dCivi/dCL  includes  bot!i  of  these  variations. 

Computations  that  shovr  the  variations  of  dC.-/dCT 
/ N - N ' L • 

( oCh  ^ 

C-  Jn  |»  elevator  angle  for  trim  v,-ith  lift  coeffi— 

■‘c 

cient  for  two  centor-of-gravity  positions  arc  presented  in 
ligare^^,  iho  variation  of  tho  thrust  coefficient,  Tc' 
witn  lift  coefficient  is  also  shown.  The  thrust  coeffi-* 

cient s were  used  in  evaluating 


•i  • The  more  negative 

* c 

valuijr,  of  dCjj/dCp  and  tho  steeper  slope  to  the  elevator 
angle  for  trim  curvo  are  associated  with  the  most  forv/ard 
ccntcr-of-gravity  location.  It  will  be  noted  that  for 
values  of  Cj,  greater  than  1,  the  slope  dCij/dC^  for  tho 

26-percent  mean  aerodynamic  chord  c ent er-of-grav ity  position 


is  .greater  than  the  ar.socio.ted  slope 


I 


Th is  b e— 


havior  results  from  the  increased  positive  (upward)  tail 
loads  required  for  trim  at  the  higher  lift  coefficients, 
i us,  it^is  seen  that  the  effect  of  power  on  the  contri— 
ut.*.on  of  the  tail  to  the  stability  characteristics  is  ad- 
verse only  when  the  tail  is  carrying  an  initial  down  load. 
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C0NCLUSI0S3 


On  the  hasls  of  this  analysis,  the  foUoving  conclusions 
may  he  reached; 

1»  For  pTnw.1 1 angles  of  climb,  the  slope  of  the  curve 
of  elevator  angle  for  trim  against  lift  coefficient  secured 
from  fli^t  testa  is  directly  proportional  to  the  slope  of 
the  curve  of  pitching -moment  coefficient  against  lift  cooffi* 
citnt  secured  from  wind-tunnel  tests  simulating  fli^t  with 
constant  power  only  when  the  model  is  trimmed  for  zero 
pi  tching -moment* 

2.  The  destabilizing  effects  of  power  ere  more  pro- 
nounced whan  the  horizontal  tail  is  required  to  carry  a 
down  load  to  maintain  flight  equilibrium. 

3.  A longitudinal  movement  of  the  center  of  gravity 
affects  the  longitudinal  stability  characteristics  less 
in  power-on  flight  than  in  power-off  flight. 


Langley  Memorial  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 
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Figure  1.-  Angular  and  vectorial  relationships  in  power-on  flight.  Flight- 
path  axis. 
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Figrure  4.-  Effect  of  center-of-,gravit.7  movement  on  slope  of  pitching- 
moment  curve  and  on  elevator  angle  for  trim.  Tc*»  0.1^5, 
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INTRODUCTION 


At  the  request  of  the  Army  Air  Forces,  Materiel  Com- 
mand, tests  have  been  made  in  the  NACA  full-scale  tunnel 
to  determine  the  lateral  stability  and  control  charac- 
teristics of  the  XP-77  airplane.  Measurements  were  made 
of  the  forces  and  moments  on  the  airplane  at  various 
angles  of  attack  and  angles  of  yaw.  The  measurements 
were  made  with  the  propeller  removed  and  with  the  pro- 
peller installed  and  operating  at  various  thrust  coeffi- 
cients, and  with  the  landing  flaps  retracted  and  deflected. 
The  effects  of  aileron,  elevator,  and  rudder  deflection 
on  control-surface  effectiveness  and  hinge  moments  were 
determined.  The  tests  were  planned  to  obtain  the  data 
required  to  evaluate  as  completely  as  possible  the  Army 
Air  Force  requirements  on  lateral  stability  and  control 
for  pursuit-type  airplanes.  In  this  report  are  presented 
the  results  of  the  tunnel  tests  while  in  reference  1 are 
reported  the  estimated  flying  qualities  of  the  XP-77  air- 
plane as  evaluated  from  these  data. 


DESCRIPTION  OF  TEST  AIRPLANE 


The  XP-77  is  a single-engine,  low-wing  pursuit  air- 
plane constructed  almost  entirely  of  wood  and  of  magnesium 
alloy.  Two  versions  of  the  airplane  are  under  construc- 
tion, each  of  which  is  equipped  with  a Ranger  SGV-770 
inverted-vee  air-cooled  engine.  The  first  version  of  the 
airplane  is  a low-altitude  fighter  with  a military  rating 
of  515  horsepower  and  a normal  rating  of  I|.50  horsepower 
at  a critical  altitude  of  12,000  feet.  The  second  version 
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of  the  airplane  is  a 
mately  the  same  power 
of  27“ 000  feet. 


high-altitude  fighter  with  approxi- 
ratings  but  with  a critical  altitude 


The  airplane  used  in  the  full-scale  tunnel  tests 
(three-view  in  fig.  1)  differed  from  either  the  low-  or 
high-altitude  versions  of  the  XP-77  that: 


1.  The  test  airplane  had  the  thrust  line  location 
associated  with  the  low-altitude  version  of  the  XP-77 
airplane . 

2.  The  propeller  available  for  the  tests  was  the 

ici-foot  propeller  associated  with  the  high-altitude 
2 

version  of  the  XP-77  airplane. 


3.  The  landing  gear  was  removed  for  all  tests. 

These  circumstances  precluded  the  simultaneous 
duplication  of  the  thrust  and  slipstream  characteristics 
associated  with  the  specific  flight  operation  of  either 
the  low-  or  hl^-altltude  version  of  the  airplane.  The 
quantitative  results  included  in  this  report  therefore 
cannot  be  associated  specifically  with  either  the  low-  or 
hlgh-altltude  version  of  the  XP-77  airplane  but  may  be 
taken  as  characteristic  of  the  airplane  in  general. 

Prior  to  the  tests,  some  modifications  were  also 
made  to  the  ailerons  and  landing  flaps,  both  of  which 
were  of  the  internally  balanced  sealed-hinge  type. 

Vertical  end  seals  were  provided  at  the  edges  of  the 
fabric  adjacent  to  the  aileron  and  flap  hinges  in  order 
to  orevent  air  leakage  from  reducing  the  press^e  differ- 
ential across  the  seals,  which,  in  the  original  condition, 
did  not  extend  across  the  hinges.  In  addition,  extremely 
large  and  uneven  gaps  and  discontinuities  in  contour 
existed  between  the  wing  and  the  aileron  and  flap 
surfaces.  To  remedy  this  condition,  the  skin  on  both 
the  ton  and  bottom  of  the  wing  aft  of  the  rear  beam  was 
faired*  smoothly  into  the  contour  of  the  ailerons  and 
flaps,  and  the  gaps  between  the  wing  and  the  movable 
surfaces  were  decreased  (fig.  2). 

The  airplane  v/as  equipped  with  the  modified  NACA 
cowling  described  in  the  recommendations  of  reference  • 
Throughout  the  tests  the  engine-  and  oil-cooler  cooling- 
air  exit  doors  were  locked  in  the  full-open  position. 
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SYMBOLS 


The  so-called  "stability  axes,"  which  are  used  in 
presenting  the  force  and  moment  coefficients,  form  an 
orthogonal  coordinate  system  with  the  origin  at  the  center 
of  gravity  of  the  airplane.  The  X axis  always  lies  in 
the  plane  of  symmetry  of  the  airplane  and  is  oriented 
such  that  it  is  coincident  with  the  relative  wind  axis 
at  zero  yaw  and  with  the  projection  of  the  relative  wind 
axis  on  the  plane  of  symmetry  at  other  angles  of  yaw. 


The  moments  are  computed  about  a center  of  gravity 
located  at  21,66  percent  of  the  mean  aerodynamic  chord 
and  1.80  percent  of  the  mean  aerodynamic  chord  below  the 
airplane  thrust  axis. 


resultant  drag  coefficient 


Cyj  Cy  lateral-force  coefficient 


lift  coefficient 


"m 


'n 


Ch. 


Ch. 


rolling-moment  coefficient  { J 

\qSb/ 


pitching -moment  coefficient 


fjL) 

Vqsc/ 


yawing-moment  cocLfficient  ( — ^ ) 

yqSb/ 

aileron  hinge-moment  coefficient 


K 


a 


. H, 

elevator  hinge -moment  coefficient  , 

, ^e 


rudder  hinge-moment  coefficient 


H, 


r r^ 


effective  thrust  coefficient 


T 


T' 

" c 


pV^D^ 


V/nD  propeller  advance -diameter  ratio 

a angle  of  attack  of  thrust  axis  relative  to  free- 

stream  direction 

p propeller  blade  setting  at  0.75  radius 

angle  of  yaw,  positive  when  the  left  wing  is 
forward 

6^  aileron  deflection,  positive  when  trailing  edge 
of  aileron  is  down 

6g  elevator  deflection,  positive  when  trailing  edge 
of  elevator  Is  down 

6j,  rudder  deflection,  positive  when  trailing  edge  of 
rudder  is  to  left 


Vl 

OC^ 

^®a 


flap  deflection 

correct  indicated  airspeed 

rate  of  change  of  rolling -moment  coefficient  with 
aileron  deflection 


66a 


rate  of  change  of  aileron,  hinge -moment  coefficient 
with  aileron  deflection 


— 21  rate  of  change  of  pitching -moment  coefficient  with 

^^0  elevator  deflection 

60]^ 

rate  of  change  of  elevator  hinge-moment  coefficient 

66g  with  elevator  deflection 

6c 

— — rate  of  change  of  yawing-moment  coefficient  with 

^^r  rudder  deflection 


rate  of  change  of  lateral-force  coefficient  with 
rudder  deflection 
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661. 

where 

D 

X 


Y 

Z 


L 

M 


N 

Ha 

He 


S 


b 


c 


rate  of  change  of  rudder  hinge -moment  coefficient 
with  rudder  deflection 


force  in  direction  of  relative  wind 


force  along  X axis,  positive  when  directed 
. backward 

force  along  Y axis,  positive  when  directed  to 
right 

force  along  Z axis,  positive  when  directed 
upward 

rolling  moment  about  X axis,  positive  when  it 
tends  to  depress  the  right  wing 

pitching  moment  about  Y axis,  positive  when  it 
tends  to  depress  the  tall 

yawing  moment  about  Z axis,  positive  when  it 
tends  to  retard  the  ri^t  wing 

aileron  hinge  moment,  positive  when  it  tends  to 
depress  the  trailing  edge 

elevator  hinge  moment,  positive  when  it  tends  to 
depress  the  trailing  edge 


rudder  hinge  moment,  positive  when  it  tends  to 
move  trailing  edge  to  left 

dynamic  pressure  (H 

wing  area  (100  square  feet) 

wing  span  (27,5  feet) 

aileron  span  (5.^^  feet) 

elevator  span  (8.95  feet) 

rudder  span  (I4..I5  feet) 

mean  aerodynamic  chord  (5*989  feet) 
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"cg^  root-mean-square  aileron  chord  (O.I)-77  foot) 
"cg  root -me  an- square  elevator  chord  (0,807  foot) 

"Cp  root-mean-square  rudder  chord  (1.175  feet) 

T effective  thrust 

p mass  density  of  air 

V free-stream  velocity 

D propeller  diameter 

n propeller  rotational  speed 


METHODS  AND  TESTS 


The  NACA  full-scale  tunnel  and  balance  equipment 
used  for  the  tests  are  described  in  reference  5« 

Figures  5 and  I4.  show  the  XP-77  airplane  mounted  on  the 
balance  in  unyawed  and  yawed  conditions,  respectively. 

All  data  presented  In  the  report  have  been  corrected  for 
jet  boundary  and  blocking  effects  by  the  methods  of 
references  4 and  5- 

Measurements  were  made  of  the  effect  of  rudder 
deflection  on  the  aerodynamic  characteristics  and  on  the 
rudder  hinge -moment s of  the  airplane  for  various  flight 
attitudes,  with  the  flaps  retracted  and  with  the  flaps 
deflected  20°  and  55°.  The  flight  attitudes  associated 
with  specific  combinations  of  angle  of  attack  and  thrust 
coefficient  are  given  in  table  I.  These  tests  were  made 
at  the  following  angles  of  yaw;  ^ = -lii..6°,  -9.8°,  -5*3°» 
-5.0°,  0°,  3.7°,  6.2°,  10.0°,  and  ll+.7°.  For  all  tests  the 
rudder  tab  was  deflected  a small  negative  amount  (trailing 
edge  to  right) . No  tab-effectiveness  tests  are  included 
in  this  report. 

Elevator  effectiveness  and  hinge  moments  were  deter- 
mined for  the  flight  attitudes  listed  in  table  II.  These 
tests  v^ere  made  at  angles  of  yaw  of  -9.8°,  0°,  and  10.0°. 

loth  the  rudder  and  elevator  tests  were  made  with 
the  propeller  operating.  The  propeller  blade  angle  was 
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set  at  22®  at  the  0,75  radius,  and  the  propeller  speeds, 
for  the  power  conditions  to  he  simulated,  were  determined 
from  a propeller-callhratlon  test  made  with  the  airplane 
at  zero  yaw  in  an  attitude  near  zero  lift.  The  results 
of  the  propeller-calibration  test  (Tq  against  V/nD) 
and  the  estimated  variation  of  thrust  coefficient  with 
lift  coefficient  for  various  engine  powers  are  shown  in 
figure  5«  For  the  simulated  level-flight  attitudes  the 
propeller  rpm  was  adjusted  so  that  the  thrust  would  be 
equal  to  the  airplane  drag  at  zero  yaw.  At  angles  of 
yaw  other  than  zero,  the  airplane  was  set  for  the  spe- 
cific flight  attitude  and  the  propeller  rpm  manipulated 
to  yield  the  same  advance -diameter  ratio  V/nD  that 
existed  for  the  same  attitude  at  zero  yaw. 

Because  the  ailerons  are  well  out  of  the  region 
covered  by  the  propeller  slipstream,  all  of  the  aileron- 
effectiveness  and  hinge-moment  tests  were  made  with  the 
propeller  removed.  These  tests  were  made  with  the  air- 
plane at  zero  yaw  for  deflections  of  only  the  left 
aileron.  The  angles  of  attack  and  flap  settings  used 
during  the  tests  are  given  in  table  ill. 

All  hinge  moments  were  measiired  by  means  of  canti- 
lever springs  equipped  with  electrical  strain  gages  to 
indicate  the  beam  deflections  under  load. 

The  tests  simulating  take-off  power  and  the  propeller- 
calibration  tests  at  high  thrust  coefficients  were  made 
at  a tunnel  airspeed  of  approximately  62  miles  per  hour. 

All  other  tests  were  made  at  a tunnel  airspeed  of  approxi- 
mately 85  miles  per  hour,  corresponding  to  a Reynolds 
number  of  5,i4.00,000, 


RESULTS  AND  DISCUSSION 
Rudder  Effectiveness  and  Hinge  Moments 


The  effects  of  rudder  deflection  on  the  aerodynamic 
characteristics  of  the  XP-77  airplane  are  shown  in 
figTxres  6 to  9 for  the  various  conditions  listed  in 
table  I with  the  airplane  at  zero  yaw.  The  measured 
rudder-effectiveness  and  hinge-moment  parameters  are 
also  given  in  table  I,  For  the  attitudes  wito  flap 

retracted  the  parameters  -7^,  and  ■ ■ ■■ 

o6j,  o6p  odp 
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averaged  about  -0.0012,  O.OO25,  and  -0,0053  per  degree, 
respectively.  With  the  flaps  deflected  55°  respective 
6 On  dC^ 

Sif*  TiT  0.005a, 


values  of 


and  - 0.0055  were  obtained  for  the  airplane  in  the  approach 
attitude  (a  = l+.Ii-®)  with  power  for  level  flight 
(Tq  = 0.089).  Comparison  of  the  runs  made  with  the 


airplane  in  the  intermediate  and  low-speed  attitudes 
with  propeller  idling  indicates  some  loss  in  rudder 
effectiveness  with  increase  in  angle  of  attack  when  flaps 
are  deflected  for  landing. 


Results  of  tests  made  to  determine  the  effect  of 
rudder  deflection  on  the  aerodynamic  characteristics  of 
the  airplane  in  yaw  for  some  of  the  conditions  listed  in 
table  I are  given  in  figures  10  to  12  for  y\i  = -9.8°  and 
in  figures  I3  to  I5  for  \1/  = 10.0°.  The  variations  of 
3C 

and  -r — ^ with  angles  of  yaw  for  these  conditions 

o6p  o6p 

are  presented  in  figures  16  to  I8.  In  general,  for  the 

dCn 

range  of  yaw  angles  tested,  both 


6 


and 


5r 


66, 


did 


not  change  appreciably  with  angle  of  yaw. 


The  variation  of  rudder  hinge-moment  coefficient  at 
zero  rudder  deflection  with  angle  of  yaw  is  plotted  in 
figure  19.  Some  irregularities  in  the  variation  of 
(^r)^  with  \l/  are  evident  at  low  angles  of  yaw. 

These  irregularities  are  generally  small  and  may  be 
within  the  experimental  accuracy  of  the  testa. 


The  rudder  angles  necessary  to  hold  a given  angle 
of  yaw  are  given  in  fig\ares  20  to  22  for  some  of  the 
attitudes  listed  in  table  I.  Attention  is  called  to  the 
irregularities  in  the  slope  of  the  curves  in  the  vicinity 
of  zero  yaw  for  most  of  the  conditions  tested. 


Elevator  Effectiveness  and  Hinge  Moments 

The  variation  of  Cm,  Cl,  and  0^.^  with  6e  is 

shovm  in  figures  25  to  25  for  the  attitudes  listed  in 
table  II,  The  values  for  the  elevator  parameters. 


9 


- — and  , for  these  attitudes  are  also  listed  in 

66q  d6e 

table  II.  No  tests  were  made  to  determine  the  elevator 
tab  effectiveness. 


At  zero  yaw,  with  the  airplane  in.  the  low-speed 
level-flight  condition  (a  = 8.8°  and  Tq  = 0.of|.9)  with 

flaps  retracted,  a value  of  — S of  -0,0208  per  degree 

d6g 

wa  i obtained.  With  flaps  deflected  20°,  and  with  the 
airplane  in  the  intermediate-speed  attitude  (a  = 2,2°) 

with  level-flight  power  (T^  = 0,0l|.0),  the  value  of 


was  decreased  to  -O.OI89  per  degree.  In  the  approach 
attitude  with  flaps  deflected  the  value  of  elevator 

effectiveness  was  -0,0215  per  degree.  The  effect  of  yaw 


was  to  decrease 
tested. 


— S slightly  for  all  the  conditions 

66q 


dCh 

No  values  of  -r— ^ near  zero  elevator  hinge-moment 

coefficient  are  available  for  = 0°,  but  values  ranging 
from  -0,0060  to  -0,0088  were  measured  at  yaw  angles 
of  -9*8°  and  10,0°.  At  zero  yaw  (fig.  2$)  there  was  a 
pronounced  increase  in  elevator  hinge  moments  for  elevator 
deflections  greater  than  -l6°  accompanied  by  decreases  in 


the  slope  — S, 

d6o 


Aileron  Effectiveness  and  Hinge  Moments 
The  variations  of  and  with  6g^  are 

£L 

shown  in  figures  26  to  28  for  the  airplane  with  flaps 
retracted  and  with  flaps  deflected  20°  and  55°*  respec- 
In  table  III  are  given  the  corresponding  values 
6Ch„ 

and  — — With  the  flaps  retracted,  the  value 

66a 

decreased  from  0,00l6  per  degree  at  a = -1.2° 


tlvely. 
bCi 

6 So 

660 


of 


of 
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to  0,0013  per  degree  at  a = 11.7°.  Similar  decreases 
occurred  with  the  flaps  deflected  20°  and  55° • ^ 

constant  airplane  angle  of  attack  the  effect  of  deflecting 

dCi 

the  landing  flaps  was  to  decrease  the  value  of  ~ 

60h 

slightly.  The  values  of  increased  with  airplane 

O &Q 

angle  of  attack  up  to  about  ^5°  then  decreased  at  the 
highest  angle  of  attack  of  about  11.5° • 


Aerodynamic  Characteristics  in  Yaw 

The  aerodynamic  characteristics  of  the  XP-77  airplane 
in  yavi/  were  determined  by  cross-plotting  the  results  of 
the  rudder-effectiveness  and  hinge-moment  tests  at  several 
angles  of  yaw.  The  cross  plots  showing  the  variation 
°f  Cj„,  Cl,  and  C^^  with  ^ for  6^,  = 0 are  given 

in  figures  29  to  5I  for  the  attitudes  listed  in  table  I. 
For  the  conditions  with  high  thrust  coefficients, 

Increases  in  lift  at  high  angles  of  positive  yaw  and 
decreases  in  lift  at  high  angles  of  negative  yaw  were 
measured.  These  changes  probably  occur  as  a result  of 
the  effects  on  the  tall  lift  of  the  propeller  slipstream 
and  the  direction  of  yaw  Inasmuch  as  the  Increases  in 
lift  are  accompanied  by  Increases  in  negative  pitching 
moment  and  vice  versa. 

The  variations  of  C^,  , and  Cy,  with  >1^  for 

6j,  = 0 are  presented  in  fig\ires  to  54 
attitudes  listed  in  table  I.  A sharp  change  in  the 

slope  occxirs  around  zero  yaw  in  the  f laps-retracted, 

intermediate-speed  condition  (a  = l4..8°)  with  level- 
flight  power  (Tc  = O.O58).  This  change  in  slope  with 

yaw  angle,  althou^  less  pronounced,  is  also  apparent 
for  the  other  test  conditions.  These  conditions  are  also 
reflected  in  the  curves  showing  the  variation  of  rudder 
angle  for  trim  with  angle  of  yav;  (figs.  20  and  22).  The 
reversal  in  the  slope  of  the  yawing-moment  curve  at  high 
angles  of  positive  yav/  for  the  airplane  in  the  take-off 
condition  v/ith  take-off  power  (fig.  55(a))  may  be  due 
either  to  the  stalling  of  the  vertical  tail  or  to  the 
emergence  of  the  tall  from  the  propeller  slipstream. 
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Cross  plots  of  Cn  against  angle  of  yaw  for  = 0 

are  shown  in  .figiires  55  to  37*  The  slopes  of  these 
curves  are  lower  than  for  the  corresponding  cxirves 
with  = 0. 


The  parameters 
d Cv 


and  -r — are  given  in  table  IV 

o\J/ 

locked  in  neutral  the  values  of 


. With  the  rudder 


dCn 

-r — ranged  from  -O.OOO9 
0\|/ 


to  -O.OOI6  except  for  the  take-off  condition  with  Idling 
power  when  a value  of  -O.OOO6  v/as  obtained.  The  values 
dCn 

of  -r — for  Ch  =0  were  somewhat  lower,  ranging 
d\|/  “r 

from  -O.OOOii  to  -0,0010.  The  slope  of  the  ciorves  of  the 


lateral-force  coefficient  plotted  as  a function  of  angle 
of  yav;  varied  between  0,0090  and  0,0176, 


With  the  rudder  locked  in  neutral  the  airplane 

6C, 

exhibits  an  unstable  dihedral  effect  -- — in  the  approach 

o\|/ 

attitude  with  level-flight  power  and  in  the  take-off 
attitude  with  take-off  power.  For  the  approach  attitude 
the  instability  amounts  to  about  5°  negative  dihedral 
effect;  for  the  take-off  attitude  the  instability  amounts 
to  nearly  5°  negative  dihedral  effect.  For  the  ^ 

intermediate-speed  attitude  with  the  flaps  deflected  20 
and  v/ith  level-flight  power  the  dihedral  effect  is  only 
slightly  positive.  It  appears  likely  that  the  use  of 
full-rated  power  in  this  condition  will  also  result  in  a 
negative  dihedral  effect. 


SUMMARY  OP  RESULTS 


The  following  results  were  obtained  from  lateral 
stability  and  control  tests  made  in  the  NACA  full-scale 
tunnel  on  a full-scale  model  of  the  Bell  XP-77  airplane, 

1.  For  flight  attitudes  with  flaps  retracted  the 

dCn 

parameter  of  rudder  effectiveness,  -- — , averaged  about 

o6r 

-0,0012  per  degree.  The  associated  value  of  the  hinge- 
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moment  parameter  was  -0.0055  degree.  The  effect 

ddj, 

of  DOwer  was  to  increase  the  magnitude  of  these  parameters 
slightly;  whereas  flap  deflection  had  little  effect 
except  at  high  angles  of  attack  with  the  flaps  deflected 
55°,  where  some  loss  in  rudder  effectiveness  was  measured. 

2.  For  a low-speed,  level-fli^t  attitude  with 
flaps  retracted  a = 8.8°  the  parameter  of  elevator 

effectiveness  — was  about  -0.0208  per  degree.  vVith 

660 

the  flap  deflected  this  value  was  decreased  slightly. 


3.  With  the  flaps  retracted,  the  value  of  the 

66, 


parameter  of  aileron  effectiveness 


was  about  0,00l6 


■"a 


per  degree  at  an  angle  of  attack  of  -1.2  . The  value 
6C1 


of 


66 


decreased  slightly  with  increasing  angles  of 


a 


attack  and  with  flap  deflection. 

6Cn 

][.,  The  parameter  of  weathercock  stability 

ranged  from  -O.OOO9  per  degree  to  -O.OOI6  per  degree 
except  for  the  take-off  condition  with  idling  power  where 
a value  of  -0.000j6  was  obtained.  With  the  rudder  freed, 

6c 

the  parameter  ■ - ^ ranged  from  -O.OOOij.  per  degree  to 

6\1/ 

-0.0010  per  degree. 

5«  The  airplane  displayed  a stable  dihedral  effect 
in  all  attitudes  tested  except  in  the  approach 

6)}; 

attitude  with  level-flight  power  and  in  the  take-off 
attitude  with  take-off  power.  For  these  two  conditions 


13 


the  amount  of  instabili'^y  displayed  was  equivalent  to 
about  and  5°  negative  dihedral,  respectively. 


Langley  Memorial  Aeronautical  Laboratory 

^Tatlonal  Advisory  Committee  for  Aeronautics 
Langley  Field,  Va.,  June  16,  iq)|)[ 
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Charlp^J^,  Donlan 
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TABLE  III 


dCi 

3UI.TMARY  OF  — ~ AND  AT  ZERO  AILERON  DEFLECTION 

66a  ^6a 

LEFT  AUER  ON  ONLY;  PROPELLER  REMOVED 


a 

(deg) 

6f 

(deg) 

(-) 

-1.2 

0 

0.0016 

-o.ooMi 

2.1 

0 

.OOlli 

-.0050 

6.7 

0 

.0013 

-.0065 

11.7 

0 

.0013 

- . 001+5 

2.0 

20 

.0016 

- . oolj.3 

6.5 

20 

.0012 

-.0070 

11.5 

20 

.0011 

-.0063 

-1.5 

55 

.0013 

-.0068 

6.5 

55 

.0012 

- . 0072 

11.5 

55 

.0011 

-.0035 
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TABIii  IV 
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• • t 

• • • 

•••  • 


• • • 
• •• 


• 


• ••• 


SUW.IARY 

A 

OF  ( - 

II 

0 

r 

\ 6^  / 

Attitude 

a 

To 

(—) 

V**  -^Ch^=o 

0 

II 

^ 1 

\f<l>  /6^=o 

Condition  0^  = 0 

Dive 

Idllnr  power 

-2.h 

0 

-0.0009 

-0.0006 

0.0011 

0.0113 

Hlrh  speed 

Level-flight  power 

-1.2 

.021 

-.0010 

-.0007 

.0011 

.0013 

Intermediate  speed 
Level-flight  power 

h.B 

o 

CD 

-.0008 

-.0015 

-.0010 

.0005 

.0115 

Low  speed 

Level-flight  power 

G.8 

.049 

-.0009 

-.0006 

.0006 

.0090 

Condition  = 20° 

Intermediate  speed 

.0.0008 

0.0001 

0.0135 

Level-flight  power 

2.2 

0.040 

-0.0015 

Take-off 

-.0006 

-.0015 

-.0006 

-.0007 

.0005 

*..0009 

.0110 

.0176 

Idling  power 
Take-off  power 

10.3 

10.1 

0 

.258 

Condition  Oj.  = 55° 

Intermediate  speed 

-0.0016 

-0.0006 

0.0006 

0.0138 

Idling  power 

-0.1 

0 

Approach 

Level-flight  power 

4.4 

.085 

-.0016 

-.0006 

*-.0006 

.0160 

Low  speed 

Idling  power 

8.2 

.00^ 

-.0012 

-.0004 

.0129 

*^Unata'ble  dihedral  effect. 
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FIGURE  LEGENDS 


Figure  1,-  Three-view  drawing  of  the  XP-77  airplane  used  in 

the  full-scale  tunnel. 

Figure  2,-  Modifications  made  to  wing  to  provide  smooth 
contours  and  smaller  wing-aileron  or  wing-flap  gaps. 

Figure  3.-  The  XP-77  airplane  mounted  in  the  NACA  full- 

scale  txmnel.  4^,  0®. 

Figure  J4..-  The  XP-77  airplane  mounted  in  the  NACA  full- 

scale  tvinnel.  4^,  IQO. 

Figure  5*“  Variation  of  T©  with  and  v/nD  for 

constant  power  operation  at  sea  level,  (3,  22°. 

Figure  6.-  Effect  of  rudder  deflection  on  the  aerodynamic 
characteristics  of  the  XP-77  airplane  4^,  0°;  6f,  0°; 
p,  220. 


(ft)  Chp*  Cy,  On. 

Figure  6,-  Concluded. 

(h)  C^. 

Figure  7,~  Effect  of  rudder  deflection  on  the  aerodynamic 
characteristics  of  the  XP-77  airplane.  'I/,  0°;  6f,  QO; 
p,  220. 

( a ) , C^. 

Figure  7*"  Concluded. 


(^)  Cy. 

Figure  8,-  Effect  of  rudder  deflection  on  the  aerodynamic 
characteristics  of  the  XP-77  airplane.  4/,  QO;  6f,  2Q0; 
P,  220. 

(^^  ^hp* 

Figure  8,-  Continued. 


(h)  C 


n 


Figure  8.-  Concluded. 


FIGURE  LEGENDS  - Continued 


Figure  9«“  Effect  on  rudder  deflection  on  the  aerodynamic 
characteristics  of  the  XP-77  airplane.  M/,  0°;  6f,  55°; 
p,  22°. 

(a)  Ohp. 

Figure  9»“  Continued, 

(b ) Cn. 

Figure  9«“  Concluded. 

( 0 ) Cy . 

Figure  10.-  Effect  of  rudder  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane  in 
yaw.  \l/,  -9.8°;  6f,  0©;  p,  22°. 

(a)  Chj,,  Cy,  Cj^. 

Figure  10.-  Concluded. 

(b)  Cl. 

Figure  11.-  Effect  of  rudder  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane  in  yaw. 

4/,  -9.8°;  6f,  20°;  p,  22°. 

(3^)  Cn»  Cy,  Cjij,, 

Figure  11,-  Concluded, 

(b)  Cl. 

Figvire  12,-  Effect  of  rudder  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane. 

M/,  -9.80;  6^^  550.  220;  a,  Tq,  O.O89. 

(a)  Cn,  Cy,  Ch^, 

Figvu?e  12.-  Concluded. 

(b)  Cl. 

Figure  13.-  Effect  of  rudder  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane  in  yaw. 
10JD°;  6f,  OO;  p,  220. 

^hj.»  ^y»  ^n» 


FIGURE  LEGENDS  - Continued 


Figure  15.-  Concluded. 


(b)  C^. 

Flg\xre  1I4.,-  Effect  of  rudder  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane  in  yaw. 
10.00;  6f,  200;  220. 

(^)  Cn»  Cy,  Chp. 

Figure  li^.-  Concluded. 

(b)  C^. 

Figure  15.-  Effect  of  rudder  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane  in  yaw. 
^l/,  10.0®;  6f,  55°;  P.  22®;  a,  ij..ij.O;  Tq,  O.089. 

(a)  Cn»  Cy,  Chj,» 

Figure  15.-  Concluded. 


(b)  C^. 


X'  -k  ^ V.4X  V/ 


1 4 - 


trrt  w» 


<n»-»  re*l  A 


and  rate  of  change  of  rudder 
with  rudder  deflection.  6f, 


on  x^wKisisr*  vsnsss 

hinge-moment  coefficient 
0®;  p,  22®. 


Figure  I7.-  Effect  of  yaw  angle  on  rudder  effectiveness 
and  rate  of  change  of  rudder  hinge-moment  coefficient 
with  rudder  deflection.  5f,  20®;  p,  22®. 

Figure  I8,-  Effect  of  yaw  angle  on  rudder  effectiveness 
and  rate  of  change  of  rudder  hinge -moment  coefficient 
with  rudder  deflection.  6f,  55®J  P»  22®. 

Figure  19.-  Variation  of  ^ with  angle  of  yaw 

P,  22®,  \ ’ 6j,=0° 


Figure  20.-  Variation  of  rudder  angle  with  angle  of  yaw 
for  Cn  = 0.  6f,  0®;  p,  22°. 


Figure  21,-  Variation  of  rudder  angle  with  angle  of  yaw 
for  Cn  = 0.  6f,  20®;  p,  22®. 

Flgiire  22.-  Variation  of  rudder  angle  with  angle  of  yaw 
for  Cn  = 0.  6f,  55O;  p,  22®. 


FIGURE  LEGENDS  - Continued 


Figure  23.-  Effect  of  elevator  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane. 

^|/,  OO;  6j.,  0°;  6a,  0°. 

Figvire  2ii,-  Effect  of  elevator  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane, 

-9.8°;  6r,  OO;  6^,  0°. 

Fig^ire  25.-  Effect  of  elevator  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane, 
ij/,  10°;  6r,  0°;  6a,  0°. 

Figure  26.-  Effect  of  aileron  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane.  Pro- 
peller removed;  right  aileron  locked;  \i/ , 0 ; 6f,  0 . 

(s-)  On,  0];i  . 

cx 

Figure  26.-  Concluded. 

(b)  Cj. 

Figure  27,-  Effect  of  aileron  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  airplane,  o no 

Propeller  removed;  right  aileron  locked;  ^]/,  0 ; 6f,  2.0  . 

(a)  On,  0hg^» 

FlgTore  27.-  Concluded. 

(b)  C^. 

Figure  28.-  Effect  of  aileron  deflection  on  the  aero- 
dynamic characteristics  of  the  XP-77  _ rrn 

Propeller  removed;  right  aileron  locked;  V,  0 ; 6f,  pp  . 

(a)  Cn,  ^ha* 

Figure  28.-  Concluded. 

(b)  Ci. 

Figure  29.-  Variation  of  C^,  Cl,  and  with  angle 

of  yaw  for  6ji  = 0°.  6^,  0°;  (3,  22®. 

(a)  a,  -2.1^.°  and  T^,  0;  a,  -1.2°  and  Tq  0.021. 


FIGURE  LEGENDS  - Contlrmed 


Figure  29.-  Concluded. 

(b)  a,  1|.8®  and  T^,  O.058;  a,  8.8°  and  Tq,  O.0I1.9. 

Figure  30,-  Variation  of  Cl,  and  Cm  with  angle 

of  yaw  for  dp  = 0°.  6f,  20°;  p,  22°. 

(Q-)  0l» 

Figure  30.-  Concluded. 

(b)  Cm. 

Figure  31.-  Variation  of  Cpp^,  Cl,  and  Cjji  with  angle 
of  yaw  for  6r  = 0°;  6^,  55O;  p,  220. 

( a ) C])j^,  Cl» 

Figure  31,-  Concluded. 


(b)  Cj„. 

Figure  32.-  Variation  of  C^,  Ci,  and  C with  angle 
of  yaw  for  dp  = 0°,  df,  0°;  p,  22°. 

(a)  a,  -2i^o  and  Tc,  0;  a,  -1,2©  and  T(,,  0.021. 
Figiire  52.-  Concluded. 

(b)  a,  1^.8°  and  T^,  O.O38;  a,  8.8©  and  ,0,014.9, 

Figure  33.-  Variation  of  C^,  C^,  and  Cy  with  angle 
of  yaw  for  dj,  = 0°.  df,  20©;  p,22©. 

( Q ) C C 

Figure  33.-  Concluded.  ^ 

( b ) Oy, 

Figure  3l|..-  Variation  of  Cn,  C^,,  and  Cp  with  angle 
of  yaw  for  dr  = 0©.  d^  = 55©;  p = 22©. 

(a)  Cn,  Cl. 

Figure  3h»~  Concluded. 


(b)  Cy. 


FIGURE  LEGENDS  - Concluded 


Figure  55.-  Variation  of  yawing-moment  coefficient  for 
=0  with  angle  of  yaw,  6f,  0 ; p,  22.  . 

(a)  a,  -2.1j.°  and  Tc,  0»  -1.2°  and  Tc»  0.021. 

Figure  35* “ Concluded. 

(b)  a,  i^.8°  and  Tc,  0.058;  a,  8.8°  and  Tc,  0.0U9. 

Figure  36.-  variation  of  yawing-moment  coefficient  for 
=0  with  angle  of  yaw,  6f,  20  ; p,  22  . 

Figure  57,-  Variation  of  yawing-moment  coefficient  for 
= 0 with  angle  of  yaw,  55  J P,  * 


••  ••• 


•• 


iastsss: 


iBi::ss:sa»l 


:^»:uaa:a 

'■■■■■■■■■■■•■■■•■I 


leiHi 

sas: 


lassis 


:BSiiBUH:sss::aHiaHs::«:Bffli^!«K 


ifi^aa:;a:a;»as 

Sli^^rirrSiHge 


asaa 

■■■■■■■■■f  Ml 

KSB5HBS 

■iSi«»UMW 

SaaSSKK 


IBBI8 


saras 


iaa:i 


lli^i 


HgcSUSl 


Ea»t 

IssI 


s&ssss 

WMl 


EBSSl 


SA'a: 


saasr 


9U~I 

inmil 


SIKH9S 

laatas 


EBBiaKl 


fsstna 


ii::::BtS{ 

IBIBSSBS 


Im— ffi 


:aa<.: 


‘**53**1 

;x»: 

«r: 


ill 


'i  !■  •■■•«■■■■■» 

*■■■•  MBBf  *1 


\mi 

wsssmSKmoBm 


■iiaiiaral 


• i • 

• • • 

• •• 

••  •• 


» • 
•••• 


•••••• 


•• 


•• 


•• 

• • 


mmt 


Kiaiip 
HKiaii 

mmmi 

iHBiWHHl 


■■ir  


MliBifssaBSiSiggi 


laittHBf  ~ 


mm 


ssnBmBilissEHBr 



iinniiiiiilgi 

mmmmwm 
mmr^ 


IBBiBgO 

IBBiBBI 


inii 


IRB^Bi 


IBrJBBBBy 


mm 


ie£Mm 


mms&i 


•••• 


affi^SSSSBinH^) 


mmsaumamm 

inHHi 
IMMI 

IHnBBi 


’/j'.wr*} 


•••• 


•• 


••  •• 

• • • 


mil 


gyi' 


Imi 


psi 

lir 


■liaiWiii 

HHHffisiHngiiiil 

nSSiSnSSSSSS 


SML., 

—jBKNar  " 

JiiSSiliiiiil 


nil 


= 

iRivsniiiBa 

iaiiiyii 


P 

HI 

HRISBI 


■iiisan 

iBiiinmiHaBBi 


„1L 

BBItilllMr 


iiiBii 


CS3BHI 


IPBII 

ibII 


m 


liiWi 

iPiBHir 

ibbbbbbbi 


••• 


•••• 

•••• 

•• 

• • • 
• • 
• • 

• •• 

• • • 

• •• 

99  •• 

• • 


• ••• 

• • 

• • 

•••• 


• ••  •• 


• •• 

• • • 

• • • 

•••  • 

•• 

• • • 

• • 

• • 

• •• 

• • • 

• •• 

••  •• 

• • • 

• • 


• ••• 

■ a 

• a 

• ••• 


NATIONAL  ADVISORY  COI/MITTEE  FOR  AERONAUTICS 


ifiarul. 
^ WOtiO 


z./ 


J’JL  1 


UUiSSIFffiMlQH  CAHCEISD 


JffiMORANDUM  REPORT 
for  the 

Army  Air  Forces,  Yaterlel  Command 

THE  LATERAL  PLYING  QUALITIES  OP  THE  BELL  XP-77  AIRPLANE 

AS  KSTIIAATED  PROM  FULL-SCALE  TUNNEL  TESTS 

By  C.  J.  Donlan  and  K.  R.  Czarneckl 

Langley  Memorial  Aeronautical  Laboratory 
Langley  Field,  Va, 


aji: 
This  document 


lED  DOCUMENT 
ontmns;  clarified  infonnation 


acting  the  National  of  the  United  States 

”hin  the  meaning  of  tne  Csdionase  Act,  USC  5(k31 
32.  Its  tfansmissi^  op  the  reve'atkm  of  ita 
itents  in  any  manner  to 
B>rohibited  by  law.  Infor 
Imparted  on’.y  to  prions  i 

^ices  of  tl!C  United  State^  srWcpriate  civilian 
|cers  and  employees  of  Ui4  Fede^  Government 
> have  a legitimate  interest  therein  and  to  United 
:cs  citizens  of  known  loyatty  and  discretion  who 
tity  must  be  informed  thereof. 


unauthorined  person 
> classified  may 
litary  and  naval 


, ■:  lY 

A C A.  I it'AU 


June  l6,  I9I4J4- 


NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS 


MEMORANDUM  REPORT 
for  the 

Army  Air  Forces,  Materiel  Command 
THE  LATERAL  FLYING  QUALITIES  OF  THE  BELL  XP-77  AIRPLANE 
AS  ESTIMATED  FROM  FULL-SCALE  TUNNEL  TESTS 
By  C.  J.  Donlan  and  K.  R,  Czarneckl 


INTRODUCTION 


At  the  request  of  the  Army  Air  Forces,  Materiel 
Command,  an  Investigation  has  been  made  to  determine  the 
lateral  flying  qualities  of  the  Bell  XP-77  airplane. 

This  report  contains  the  results  of  the  investigation 
which  is  based  on  the  tests  made  of  the  full-scale  model 
of  the  airplane  in  the  NACA  full-scale  tunnel  (reference  1) 
These  tests  were  planned  so  as  to  cover  as  completely  as 
possible  the  lateral  flying  quality  requirements  for 
pursuit-type  airplanes  contracted  for  by  the  United  States 
Army  Air  Forces  (reference  2),  Inasmuch  as  the  require- 
ments listed  in  reference  2 form  the  basis  of  the  presen- 
tation which  follows,  a copy  of  this  reference  should  be 
available  to  permit  rapid  cross-reference. 


BASIS  OF  ANALYSIS 


As  the  analysis  is  based  on  the  results  of  the  NACA 
full-scale  tunnel  tests  reported  in  reference  1,  attention 
is  called  to  a few  pertinent  facts  concerning  the  circum- 
stances under  which  these  tests  were  conducted: 

1.  The  thrust  line  location  on  the  airplane  tested 
was  that  associated  with  the  low-altitude  version  of  the 
XP-77  airplane  (fig.  1). 

2,  The  propeller  available  for  the  tests  was  the 
10.5-foot  propeller  associated  with  the  high-altitude 
version  of  the  XP-77  airplane. 

5.  The  landing  gear  was  removed  for  all  tests. 
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These  circxunstances  prevented  the  simultaneous 
duplication  of  the  thrust  and  the  slipstream  character- 
istics associated  with  the  specific  flight  operation  of 
either  the  low-  or  high-altitude  version  of  the  airplane. 
The  quantitative  results  included  in  this  report  there- 
fore cannot  be  associated  specifically  with  either  the 
low-  or  high-altitude  version  of  the  XP-77  airplane  but 
may  be  taken  as  rather  characteristic  of  the  airplane  in 
general . 

All  the  calculations  in  this  report  pertain  to  the 
sea-level  operating  conditions  and  are  referred  to  a 
center  of  gravity  located  at  21.66  percent  of  the  mean 
aerodynamic  chord  and  1.80  percent  of  the  mean  aerodynamic 
chord  below  the  thrust  axis  of  the  low-altitude  airplane. 
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change  In  total  aileron  deflection  from  trim 

6^  landing  flap  deflection 

rolling -moment  coefficient  about  center  of  gravity 
/ rolling  moment \ 

\ qsb  ) 

Cj  rolling -moment  coefficient  due  to  rolling 

t t ime 

PRESENTATION  OP  RESULTS 

In  order  to  permit  rapid  cross-reference  the  results 
are  presented  in  a manner  parallel  to  that  employed  in 
reference  2 for  listing  the  specifications  for  satisfac- 
tory lateral  flying  qualities.  Each  characteristic 
examined  is  identified  by  a paragraph  index  number  that 
is  directly  associated  with  the  corresponding  specifica- 
tion in  reference  2. 


RESULTS  AND  DISCUSSION 


E-2.  Lateral  and  Directional  Stability  and  Control. 

E-2a,  Dynamic  Lateral  and  Directional  Stability. 

E-2a(l).  Spiral  Mode . The  spiral  divergence  would 
appear  to  be  mild  when  the  airplane  is  trimmed  for  straight 
and  level  flight  at  the  speed  for  maximum  L/D  at  the 
design  gross  weight  of  the  airplane.  From  computations 
based  on  a design  gross  weight  of  5500  pounds  and  an 
indicated  airspeed  of  II4.9  miles  per  hour  it  appears  that 
the  initial  rate  of  divergence  from  the  steady  level- 
flight  condition  is  such  that  the  angle  of  bank  approxi- 
mately doubles  itself  every  18  seconds. 

E-2a(2)fd).  Short  Period  Oscillation. 

(1)  Calculations  based  on  the  method  of 
reference  5 indicate  that  the  control-free  lateral 


oscillation  should  damp  to  one-half  amplitude  In  about 
one  cycle  at  indicated  airspeed  of  lI|-9  miles  per  hour 
(near  the  speed  for  maximum  L/D)  at  the  design  gross 
weight  of  5500  pounds. 

(2)  Unless  the  rudder  is  mass  overbalanced 
the  control-surface  damping  characteristics  should  be 
satisfactory  for  all  specified  flight  conditions. 

E-2b  . Static  Lateral  and  Directional  Stability. 

E-2b(l).  Yawing  Moment  Due  to  Sideslip. 

(a)  Sideslip  Due  to  Aileron  Deflection.  A 
theoretical  time  history  of  the  rolling,  yawing,  and 
sideslipping  motions  of  the  XP-77  airplane  following  an 
instantaneous  abrupt  full-right  deflection  of  the  ailerons 
is  given  in  figure  3 for  a low-speed,  level-flight  condi- 
tion with  flaps  retracted.  The  angle  of  sideslip  gen- 
erated at  the  peak  value  of  the  rolling  velocity  is 
about  IfO.  If  the  airplane  had  been  constrained  in  side- 
slip, the  theoretical  maximum  rate  of  rolling  for  this 
condition  would  have  been  about  71°  second.  Thus, 

it  is  seen  that  the  effect  of  sideslip  was^to  reduce  the 
peak  value  of  the  rolling  velocity  from  7I  second 

= 0.097^  to  about  65®  per  second  = 0.088j  - a 

reduction  of  only  6°  per  second.  It  is  realized  that 
the  results  are  theoretical  and  that  the  development  of 
wing  twist  during  the  actual  flight  maneuver  may  result 
in  a somewhat  lov;er  rolling  velocity.  The  analysis  does 
indicate,  nevertheless,  that  the  yawing  moment  due  to 
sideslip  will  be  adequate  to  restrict  the  yaw  due  to  the 
ailerons  to  a point  necessary  to  maintain  good  aileron 
control. 

The  theoretical  maximum  angle  of  sideslip  developed 
during  the  maneuver  is  about  28°  and  exceeds  the  speci- 
fied limit  of  20°.  The  calculated  value  occurs  after  a 
considerable  angle  of  bank  has  developed  and  is  therefore 
considered  to  be  rather  large  owing  to  approximations 
made  concerning  the  relationship  between  the  angles  of 
bank  and  sideslip  in  the  equations  of  motion  from  which 
the  solutions  in  figure  2 were  obtained  (reference  Ij.). 

A similar  analysis  for  the  low-speed  level-flight 
condition  with  flaps  deflected  55°  made  inasmuch 

as  the  wind-tunnel  tests  revealed  the  airplane  ^o  be  lat- 
erally unstable  in  this  condition.  (See  paragraph  E -2b (2) (a) ; 
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(b ) Sideslip  Due  to  Rudder  Deflection.  The 
extlmated  steady-sldesllp  characteristics  of  the 
XP-77  airplane  for  fo\ir  flight  conditions  are  presented 
In  figures  Ij.  to  7*  The  flight  conditions  associated  with 
figures  i|.  and  5 roughly  correspond  to  the  two  low-speed 
conditions  listed  under  this  requirement  in  the  specifi- 
cations, The  flight  conditions  associated  with  figures  6 
and  7 correspond  to  the  approximate  attitudes  for  the 
speed  for  best  climb  with  the  flaps  retracted  (fig.  6) 
and  with  the  flaps  deflected  20°  (fig,  7)  except  that 
level-flight  power  was  used. 

For  each  conf igurat ion  investigated  the  sideslip 
due  to  rudder  deflection  Is  such  that  the  rudder  deflec- 
tion from  its  trim  position  at  zero  sideslip  produces 
sideslip  in  the  correct  direction  for  angles  of  sideslip 
up  to  15°*  Unfortunately  test  data  are  lacking  at  angles 
of  sideslip  above  15°, 

Attention  is  called  to  the  irregularities  in  the 
curve  relating  the  angle  of  sideslip  and  rudder  deflec- 
tion at  very  small  angles  of  sideslip.  In  view  of  the 
fact  that  the  airplane  may  trim  in  this  range  of  sideslip 
angles  diiring  normal  flight,  these  irregularities  may  be 
reflected  in  an  undesirably  low  degree  of  directional 
stability  at  these  angles. 

(c)  Rudder  Free  Requirement.  The  pedal  forces 
associated  with  the  steady-sldesllp  computations  (figs.  1+-7) 
indicate  that  the  rudder  will  tend  to  return  to  its 
initial  trim  position  when  it  is  released  in  steady  side- 
slip maneuvers  up  to  at  least  15°  sideslip.  The  force 
curves  do  not  pass  through  zero  at  the  angle  of  sideslip 
for  zero  angle  of  bank  because  the  data  from  which  these 
results  were  evaluated  was  obtained  at  a single  trim  tab 
setting.  Inasmuch  as  test  data  are  lacking  at  angles  of 
sideslip  beyond  15°,  the  conditions  for  rudder  lock  could 
not  be  investigated.  Rudder  lock  will  occur  if  the  pedal 
force  decreases  to  zero  and  changes  direction.  Under 
these  conditions  the  airplane  would  be  directionally 
unstable  with  the  rudder  free. 

E-2b(2).  Rolling  Moment  Due  to  Sideslip. 

(a)  Aileron  Deflection  and  Control  Force  in 
Sideslip . As  judged  from  the  variation  of  aileron  deflec- 
tion and  control  force  with  angle  of  sideslip,  the  rolling 
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moment  due  to  sideslip  (aileron  fixed  and  free)  is 
destabilizing  for  the  low-speed  condition  with  the  flaps 
deflected  550  (fig.  ii).  For  this  configuration  the 
instability  amounts  to  an  effective  negative  dihedral 
angle  of  5°. 

For  the  configurations  with  flaps  retracted  (figs,  5 
and  6)  the  rolling  moment  due  to  sideslip  is  stabilizing. 
The  rolling  stability  for  these  conditions  is  equivalent 
to  about  3°  effective  dihedral. 

■^or  the  configuration  with  flaps  deflected  20*^ 

(fig.  7)  the  rolling  stability  is  sensibly  neutral  but 
it  is  believed  that  the  use  of  normal-rated  power  in  this 
condition  would  result  in  an  unstable  variation  of  rolling 
moment  with  angle  of  sideslip. 

(b)  Reversal  of  Rolling  Velocity.  This  require- 
ment is  discussed  under  paragraph  E-2c(2)(a). 

E-2b(3).  Side  Force  Due  to  Sideslip.  It  is  evident 
from  the  steady  sideslip  characteristics  presented  in 
figures  Ii-  through  7 that  the  variation  of  side  force  with 
sideslip  angle  is  such  that  positive  (right)  bank  accom- 
panies positive  (right)  sideslip  and  vice  versa. 

E-2c.  Static  Lateral  and  Directional  Control. 

E-2c(l).  Rudder  control. 

(a)  Rudder  to  Overcome  Adverse  Aileron  Yaw.  As 
measured  in  static  wind-tunnel  tests  the  adverse  yawing 
moment  caused  by  the  ailerons  was  small.  The  amount  of 
rudder  control  required  to  neutralize  the  sideslip 
developed  in  rapid  rolling  maneuvers  was  not  Investigated, 

(b)  Rudder  Control  in  Take-off  and  Landing.  The 
critical  condition  for  this  requirement  appears  to  be  the 
take-off  attitude  just  before  the  airplane  becomes  air- 
borne. For  the  take-off  configuration  with  the  flaps 
deflected  20°  and  with  the  engine  developing  rated  take- 
off powder,  it  is  estimated  that  about  12  of  right  rudder 
and  a pedal  force  of  30  pounds  are  required  to  maintain 

a straight  ground  path  while  traveling  at  a speed  of 
105  miles  per  hour  into  a 9^*^  cross  wind  of  lo  miles  per 
hour  intensity. 
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(d)  Rudder  Control  In  Dives.  An  estimated 
pedal  force  of  121  pounds  is  required  to  maintain  a 
straight  course  in  a dive  at  a corrected  indicated  air- 
speed of  513  miles  per  hour  when  the  entry  is  made  from 
a high-speed  level-flight  condition  in  which  the  airplane 
is  trimmed  for  zero  pedal  force.  The  level-flight  condi- 
tion used  for  the  computation  corresponded  to  flight  with 
normal  rated  power  at  an  Indicated  airspeed  of  502  miles 
per  hour . 

It  must  be  emphasized,  however,  that  the  hinge - 
moment  data  used  for  these  computations  was  obtained  at 
a very  low  Mach  number  and  that  the  pedal  force  on  the 
airplane  under  these  conditions  will  probably  be  consid- 
erably different  from  that  given  here  owing  to  unpre- 
dictable compressibility  effects. 

E-2c(2).  Lateral  Control. 

Ca)  Maximum  Rolling  Velocity  and  Control  Force. 
The  estimated  variation  of  pb/2v  with  total  aileron 
deflection  from  trim  is  given  in  figures  8 to  10  for 
various  indicated  airspeeds  together  with  the  estimated 
variation  of  the  accompanying  stick  forces  for  sea-level 
operation.  Figure  8 gives  the  results  of  the  computations 
for  flaps  retracted,  and  figures  9 10  give  the  results 

of  the  computations  for  flaps  deflected  550  and  20°, 

T'A  TTol  ^ 

The  values  of  pb/2V  given  in  figures  8 to  10  were 
computed  rrom  the  following  formula: 


= 

2V 


where 


C7  = O.ij.65  (reference  5) 

P 

The  factor  0.8  is  empirical  and  its  use  in  previous 
investigations  has  been  found  to  give  reasonably  good 
correlation  between  flight  results  and  the  estimated 
values  of  pb/2v  as  computed  from  wind-tunnel  tests. 

The  stick  forces  were  computed  using  the  c\arve  of  aileron 
deflections  versus  stick  displacement  (fig.  11). 
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As  far  as  the  present  requirement  is  concerned  it 
is  apparent  from  an  examination  of  figures  8 to  10  that 
the  rolling  velocity  and  aileron  control ^f or ce  vary 
smoothly  with  aileron  deflection  and  are  sensibly 
proportional  to  the  aileron  deflection  from  trim.  These 
results  also  indicate  that  no  reversal  of  rolling  velocity 
should  occur . 

(b)  Aileron  Control  Force  Gradients.  Based  on 
the  criterion  for  maximum  control  friction  as  given  under 
paragraph  E-J+d  of  reference  2,  the  allowable  friction  in 
the  aileron  control  v;ould  be  0,8  pounds.  For  frictional 
forces  of  this  magnitude  it  appears  that  the  gradients 

of  the  aileron  stick  force  versus  aileron  deflection  in 

the  steady-sideslip  maneuvers  (figs.  Iq  to  7) 

large  enough  to  insure  good  self-centering  characteristics. 

(c)  Peak  Value  of  Rolling  Acceleration.  As  the 
XP-77  airplane  uses  the  conventional  aileron-type  lateral 
control  no  abnormalities  should  be  experienced  in  the 
establishment  of  the  peak  value  of  rolling  acceleration 
during  aileron  roll  maneuvers.  For  instance,  in  the 
aileron  roll  maneuver  depicted  in  figure  5»  the  maximum 
value  of  the  rolling  acceleration  is  attainable  well 
within  the  allov/able  limit  of  O.O9  second, 

(d)  Minimum  Rolling  Requirements. 

(5)  Pursuit  (Class  IIT ) Airplane.  It  is 
evident  from  an  examination  of  figures  8 to  10  that  the 
response  of  the  airplane  to  the  aileron  control  is  rapid 
and  varies  unif ormly . v/ith  aileron  deflection  for  all 
conditions.  The  stick  forces  increase  uniformly  and 
never  appear  excessive.  It  appears  that  the  maximum 
values  of  pb/2V  attainable  will  be  less  for  most  condi- 
tions than  the  value  of  O.O9  specified.  Attention  is 
called,  however , to  the  fact  that  owing  to  the  extremely 
short  span  of  this  airplane,  moderate  values  of  pb/2V 
are  associated  with  exceptionally  high  values  of  the 
actual  rate  of  roll  p.  For  example,  in  the  dive  condi- 
tion shovm  in  figure  8 (a  = -1.2°,  = 5^8  miles  per 

hour),  the  value  of  pb/2V  for  l6°  total  right  aileron 
deflection  is  only  0,olq2  (sea -level  value)  whereas  the 
actual  rate  of  roll  p is  about  9^°  second. 

(1|)  Fighter-type  airplane.  The  reduction 
in  available  rolling  velocities  at  high  speeds  due  to 
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wing  twist,  compressibility  effects,  etc.,  is  beyond' the 
scope  of  this  report.  These  effects,  however,  have  been 
partially  compensated  for  by  the  use  of  the  factor  O.o 
in  the  expression  for  pb/2V  in  paragraph  E-2c(2)(a). 

(f)  Aileron  Control  Forces  in  Dives.  An  esti- 
mated aileron  stick  force  of  pounds  is  required  to 
maintain  a straight  course  in  a dive  at  a corrected 
indicated  airspeed  of  5^3  riiles  per  hour  when  the  entry 
is  made  from  a high-speed  level-flight  condition  in  which 
the  airplane  was  trimmed  for  zero  aileron  stick  force. 

The  level-flight  condition  used  in  the  computation  cor- 
responds to  flight  with  normal  rated  power  at  an  indi- 
cated airspeed  of  302  miles  per  hour. 

Again  it  is  cautioned  that  the  hinge -moment  data 
used  for  these  computations  were  obtained  at  a ^ very  low 
Mach  number  and  that  the  stick  force  on  the  airplane  may 
be  considerably  different  from  that  given  here. 

E-2c(5).  Rudder  and  Aileron  Trimming  Devices.  No 
test  data  were  available  on  the  rudder  and  aileron 
trimming  devices. 


CONCLUDING  REMRKS 


Dased  on  tests  conducted  in  the  NACA  full-scale 
tunnel,  an  estimate  has  been  made  of  the  lateral  flying 
qualities  of  the  Bell  XP-77  airplane.  The  estimate 
indicates  that  the  airplane  will  not  meet  the  Army  Air 
Forces  specification  that  a maximum  value  of  pb/2V 
of  0.09  be  attainable.  The  rolling  response  in  maneuvers 
involving  abrupt  deflections  of  the  ailerons  will  be  very 
rapid,  however,  due  to  the  short  span  of  the  airplane. 
Apart  from  the  low  maximum  values  of  pb/2V,  it  appears 
that  the  airplane  will  conform  to  the  provisions  for 
satisfactory  lateral  flying  qualities  as  established  by 
the  U.  S.  Army  Air  Forces  except  in  the  following 
particulars : 

1.  In  a low-speed,  level-flight  attitude  with  flaps 
deflected  55°  the  airplane  manifests  an  undesirable 
variation  of  rolling  moment  vjith  angle  of  sideslip 
amounting  to  an  effective  negative  dihedral  angle  of 
about  5°* 
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2.  It  Is  believed  that  a small  amount  of  negative 
dihedral  effect  will  be  exhibited  in  the  climbing  con- 
figuration with  rated  power  and  with  flaps  deflected  20° 

5.  The  aileron  control-force  gradients  associated 
with  the  steady-sideslip  maneuvers  appear  too  small  to 
insiu’e  good  self-centering  characteristics. 

i|-.  There  is  a possibility  that  an  undesirably  low 
degree  of  directional  stability  may  be  exhibited  for 
some  flight  conditions  over  a very  small  range  of 
sideslip  angles. 
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AN  INTERIM  REPORT  ON  THE  STABILITY  AND  CONTROL  OF  TAILLESS  AIRPLANES 
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Compiled  by  Charles  J.  Donlan 


SUMMARY 

Problems  relating  to  the  stability  and  control  of  tailless 
airplanes  are  discussed  in  consideration  of  contemporary  experi- 
ence and  practice.  In  the  present  state  of  the  design  of  tailless 
airplanes,  it  appears  that: 

U)  Sweepback  affords  a method  of  supplying  tail  length  for 
directiorud  and  longitudinal  stability  and  control  and  allows 
the  utilization  of  a high-lift  flap  but  introduces  undesirable  tip 
stalling  tendencies  that  must  be  ocercome  before  the  adoantages 
of  sweepback  can  be  realized. 

(£)  The  damping  in  pitching  appears  to  hate  little  effect  on 
the  longitudinal  behavior  of  the  airplane  prodded  the  static 
margin  is  never  permitted  to  become  negative. 

(5)  The  directional  stability  must  be  as  great  as  for  eonven- 
tinnal  airplanes  if  the  same  requirements  regarding  satisfactory 
stability  and  control  characteristics  are  to  be  adhered  to. 

(4)  The  influence  of  the  lateral  resistance  and  the  damping 
in  yawing  on  the  flying  qualities  is  somewhat  obscure;  however 
it  is  believed  that  these  parameters  will  be  of  secondary  im- 
portance if  adequate  directional  stability  is  .supplied. 

(5)  On  account  of  the  difficulties  encountered  in  obtaining 
adequate  stability  and  control  with  tailless  airplanes,  it  appears 
that  a thorough  reevaluation  of  the  relative  performance  to  be 
expected  from  tailless  and  conventional  designs  should  be  made 
before  proceeding  further  with  stability  and  control  studies. 

INTRODUCTION 

Much  interest  lias  been  shown  in  tailless  airplanes  during 
the  past  few  years.  A number  of  tailless-airplane  designs 
have  appeared  and  prototypes  of  several  of  these  designs 
have  been  flown  extensively.  It  appears  desirable  at  this 
time  to  amplify  and  expand  an  earlier  work  (reference  1) 
relating  to  the  stability  and  control  of  tailless  airplanes  in 
the  light  of  the  recent  flight  e.xperience  acquired  and  the 
related  studies  that  have  accom|)unied  the  development  of 
new  designs. 

It  is  the  purpose  of  this  paper  to  assemble  and  rt'cord 
some  e.\pression.s  of  fact  and  opinion  pertaining  to  numerous 
problems  that  have  assumed  sigiiifieanee  in  tailless-airplane 
design  rather  than  to  supply  speeifie  quantitative  design 
data.  The  problems  specifically  discussed  in  this  paper 
pertain  to  the  requirements  and  attainment  of  longitudinal 
and  lateral  stability  and  control  and  to  spinning,  tumbling, 
and  steadine.ss  in  flight  as  regards  gunnery  and  bombing 
platform.  A discussion  is  also  incluiled  of  some  of  the 
relative  merits  of  tailless  and  conventional  airplanes. 


SYMBOLS 

Cl  lift  cooflicient 
Co  drag  coefficient 
C|  rolling-moment  coefficient 
C,  yawing-moment  coefficient 
C„  pitching-moment  coefficient 
I'  airspeed 

r yawing  angular  velocity 

P density  of  air 

m mass  of  airplane 

q dynamic  pressure  p ; also,  pitching  angular  velocity 

T,  thrust  coefficient 

Ca  hinge-moment  coefficient 
a angle  of  attack 

/3  angle  of  sideslip 

A angle  of  sweep 

X taper  ratio;  ratio  of  tip  chord  to  root  chord 

S wing  area,  except  os  designated  otherwise  by  subscript 
c wing  chord,  e.xcept  as  designated  otlierwise  by  subscript 
c mean  aerodynamic  chord 
A aspect  ratio 

X distance  of  aerodynamic  center  from  center  of  gravity 
z vertical  displacement  of  thrust  axis  from  center  of 
gravity  (positive  when  thrust  a.xis  is  below  center  of 
gravity) 

b wing  span,  except  as  designated  otherwise  by  subscript 
D propeller  diameter 
F,  stick  force 

^ trailing-edge  angle  (see  fig.  11) 
e landing-gear  angle  (see  fig.  13) 

S control-surface  deflection  - 

da 
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i flap;  also,  flipper  I 

a aileron  j 

e elevator 
t tab 
T rudder 

c/4  about  quarter  point  of  mean  aerodynamic  chord 

LONGITUDINAL  STABILITY  AND  CONTROL 

It  was  noted  in  reference  1 that  a straight  wing  with  a 
slight  reflex  camber  and  dihedral  has  all  the  necessary  aero- 
dynamic characteristics  for  Loth  longitudinal  and  lateral 
stability.  A straight  wing  employing  a trailing^dge  flap 
as  a trimming  control,  however,  suffers  an  undesirable  loss 
in  ma-ximum  lift,  particularly  if  the  static  margin  is  lai^. 

In  order  to  improve  this  condition,  the  installation  of  leading- 
edge  slats  has  been  considered.  This  solution  has  found  little 
favor,  however,  because  of  the  accompanying  increase  in 
profile  drag  and  the  unusually  high  attitude  required  for 
landing  with  leading-edge  slats.  At  the  present  time  the 
most  practicable  method  of  overcoming  the  deficiency  in 
maximum  lift  appears  to  be  to  incorporate  sweepback  (or 
sometimes  sw'ecpforward)  into  the  wing.  The  majority  of  j 
the  contemporary  problems  in  longitudinal  stability  of  tail- 
less airplanes  arise  from  the  adoption  of  this  solution. 

EFFECTS  OF  SWEEP 

Advantages  of  sweep. — Sweepback  gives  the  wuig  an 
effective  “tail  length”  and  is  therefore  especially  odapUble 
for  tailless  airplanes.  This  tail  lengtli  is  proportional  to  the 
product  of  one-half  the  span  of  the  portion  of  Uie  wing  with 
sweep  and  the  tangent  of  die  sweep  angle;  consequently, 
(1)  high-lift  flaps  can  be  located  at  tlie  center  of  the  wii^ 
where  their  lift  increments  produce  only  minor  changes  in 
the  pitching  moment  about  the  center  of  gravity  of  the  air- 
plane, (2)  flaps  for  longitudinal  control  can  be  located  near 
the  wing  tips  where  only  minor  changes  in  lift  ore  needed  to 
proihice  die  requisite  pitching  moments  for  trim,  and  (3) 
more  leeway  is  permitted  in  locating  the  center  of  gravity 
inasmuch  as  the  aerodynamic  center  of  the  wing  can  be 
controlled  by  the  angle  of  sweepback. 

If  only  high  lift  is  considered,  the  results  of  an  invesdga- 
tion  relating  to  the  u.se  of  various  tj’pes  of  flap  on  swcpt-back 


wings  have  indicated  that  traUing-edge  split  flajis  are  partitv 
ularly  suitable  for  swept-back  wings  because  of  the  rela- 
tively small  pitching-moment  increment  accompanying  the 
production  of  a given  lift  increment  (reference  2).  The  ratio 
of  the  pitching-moment  increment  to  the  lift  increment 
produced  by  a flap  depends,  of  course,  on  the  position  of  the 
centroid  of  the  flap  loud  relative  to  the  aerodynamic  center  of 
the  wing.  The  centroid  of  the  flap  loail  has  been  observed 
to  move  forward  along  the  wing  chord  as  the  hinge-hne 
position  of  the  flap  is  shifted  forward,  with  the  consequence 
that  the  ratio  of  the  flap  pitching-moment  increment  to  the 
flap  lift  increment  is  r^uced.  The  extent  of  the  forwanl 
movement  of  the  centroid  of  the  incremental  flap  load  ac- 
companying a forw  ard  shift  of  the  flap  hinge  line  that  may  ^ 
expected  for  full-span  trailing-edge  split  flaps  is  given  in 
figure  1 . It  w'as  noted  in  reference  3 that  the  ratio  of  the  flap 
pitching-moment  increment  to  the  flap  lift  increment  couW 
be  considerably  reduced  by  moving  the  flap  hinge  line  forward 
with  only  sliglit  losses  in  the  magnitude  of  the  flap  lift  arso- 
ciateil  with  a given  flap  deflection.  It  appears,  therefore, 

1 that  shifting  the  hinge  line  of  the  flap  affords  a promising 
means  of  minimizing  the  pitching  moments  caused  by  high- 
lift  flaps,  but  more  data  on  this  effect  are  needed  before 
specific  recommendations  can  be  made. 
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It  is  known  that,  for  trnilinsr-edsro  flaps,  an  increase  in  I 
flap  chord  sliifts  tlie  centroid  of  tlie  incremental  flap  load 
forward  and  thus  causes  a reduction  in  the  ratio  of  the  flap 
|iitching-moment  increment  to  the  flap  lift  increment.  This 
effect  can  be  observed  in  figure  1 by  compaiing  the  results 
for  different  fin))  chords.  At  the  present  time,  the  optimum 
rombinution  of  flap  size  and  flap  hinge-line  position  for  specific 
designs  must  be  determined  bv  e.vperimcnt. 

The  lift  increments  produced  by  flaps  arc  go\  crned  also 
by  the  plan  form  of  the  basic  wing  design.  The  important 
factors  are  (1)  the  aspect  ratio,  (2)  the  taper  ratio,  and 
(o)  the  angle  of  sweep.  Of  jiarticular  interest  for  tailless 
airplanes  is  the  so-called  self-trimming  flaj).  which  is  a flap 
arranged  to  produce  zero  pitching-moment  increment  about 
ttie  aerodynamic  center  of  the  wing.  The  effect  of  aspect 
ratio  on  the  lift-coefficient  increment  produced  by  a self- 
trimming  trailing-edge  split  flop  on  a swept-back  wing  is  shown 
in  figure  2.  The  effect  of  taper  ratio  on  the  lift-coefficient 
increment  |)roduoed  by  a flap  is  discussed  in  reference  4 and 
an  indication  of  the  effect  to  be  e.xpected  can  be  obtained 
from  figure  3.  In  general,  a moderate  taper  ratio  of  the 
order  of  2:1  is  recommended.  The  effect  of  sweepback  on 
the  lift  increment  produced  by  a self-trimming  trailing-edge 
split  flap  on  a swept-back  wing  is  shown  in  figure  4.  The 
data  in  figures  2 to  4 were  taken  from  an  analytical  investi- 
gation of  self-trimming  trailing-edge  s()lit  flaps  (reference  2). 

Although  trailing-edge  split  flaps  have  been  found  to  be 
particularly  beneficial  on  swept-back  wings  in  producing 
high  lift,  it  is  cautioned  that  there  are  considerations  other 
than  high  lift  involved  in  the  selection  of  a flap  for  a specific 
design.  For  e.xample,  consideration  of  the  minimum  drag 
of  flaps  for  take-off,  ground  clearance,  and  the  operation  of 
a pusher  propeller  in  the  flap  wake  may  lead  to  the  adoption 
of  some  other  flap  even  at  some  sacrifice  in  lift. 

Increases  in  ma.ximum  lift  can  be  expected  with  swept- 


th«wim.  A-aO“:  A-7J;e/-OJOc.  4/-0O". 


forward  wings,  provided  the  high-lift  flaps  are  placed  on  the 
outer  portion  of  the  wing  span  and  the  flap  for  longitudinal 
control  is  placed  at  the  center  of  the  wing. 

Disadvantage  of  sweep. — A most  disagreeable  character- 
istic of  a swept-back  wing  is  the  inherent  tendency  to  stall 
prematurely  at  the  tips,  a phenomenon  primarily  associated 
with  the  lateral  flow  of  the  boundary  layer.  This  charac- 
teristic is  particularly  undesirable  because  it  occurs  fiist. 
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over  the  rear  jwrtion  of  the  wing  wliere  the  control  siirfoces 
are  located  The  tip  stall  is  manifested  as  a pronounced 
pitching  and  rolling  instability  accompanied  by  a tendency 
of  the  elevators  or  aUerons  to  flout  upward.  An  e.vuinpfe 
of  the  elfeel  produced  by  the  tip  stall  on  tlie  pitching  moment 
of  a swept-baek  wing  is  given  in  figure  5.  The  rapid  increase 
m posItl^t  pitching-moment  coefficient  accompanying  the 
tip  stall  is  characteristic.  ” 

Swept-fonvard  wings  tend  to  stall  first  at  the  central  part 
Center-section  stalling  <‘auses  pitching  insta- 
bihty  but  the  rolling  instability  associated  with  the  tip  stall 


of  swept-baek  wings  does  not  occur.  This  advantage  of 
sweepforward,  however,  is  partly  offset  by  the  difllculty 
created  in  obtaining  adequate  static  balance  on  account  of 
the  forward  shift  in  the  aerodynamic  center  of  the  win<' 
caused  by  sweepforward.  With  swept-fonvard  wings,  the 
fuselage  or  load-carrying  element  must  be  placed  ahead  of 
the  wing  m order  that  the  center  of  gravity  may  be  ah, -ad 
of  tile  aerodynamic  center. 

Remedies  for  tip  stalling. — Before  satisfactory  flight  be- 
havior can  be  assured,  provision  must  be  made  for  delaying 
or  eliminating  the  tip  stall.  Various  schemes  have  been 
proposed  for  delaying  or  eliminating  the  tip  stall  and  n 
number  of  such  schemes  are  summarized  as  follows; 


(1)  Wvig  twist— \i  has  been  proposed  to  wash  out  the 
wing  tips,  that  is,  to  Iowit  the  angle  of  attack  of  the  section 
near  the  tip.  Reference  5 shows  that  the  amount  of  wash- 
out  required  to  bwiefit  the  tip  stalling  characteristics  is 
sufficient  to  increase  the  drag  of  the  wing  seriously  at  low 
angles  of  attack.  One  method  of  avoiding  the  high  drag 
is  to  have  a portion  of  the  wing  tip  rotatable  in  flight. 
The  rotatable  wing  tips  should  be  so  proportioned  with 
respect  to  the  elevator  that  the  airplane  cannot  be  stalled 
until  the  tip  angle  has  beim  sufficiently  re<luee<l  to  eliminate 
the  tip  stall. 

(2)  Change  in  airfoil  section— 'Tho  initial  stalling  of  the 
wing  sections  on  the  outer  span  of  the  wing  can  be  con- 
trolled somewhat  by  increasing  the  thickness  or  changing 
the  camber  of  the  airfoil  sections  used.  The  ri'sults  of  refer- 
ence 5 indicate  that  this  method  can  appreciably  increase 
the  angle  of  stall  of  a w-ing  without  flajis  or  sweepback, 
particularly  if  a change  in  camber  is  used  in  conjunction 
with  wing  twist.  The  analysis  in  reference  5 iloes  not  con- 
sider the  effects  of  sweep  or  flaps.  Changing  the  wing  sec- 
tions, however,  generally  lias  the  disadvantage  of  increasing 
the  drag  of  tlie  wing  at  low  angles  of  attack. 

(.3)  Flat-plate  separators  — \t  has  been  suggested  that  the 
tip  stall  might  be  delayed  by  means  of  vertical  flat  plates  or 
fins  alini'd  with  the  wing  chord  at  about  one-half  the  dis- 
tance to  the  wing  tip  and  e.xteiuling  around  the  trailing  edge 
of  the  wing  and  forward  almost  to  the  leading  edge.  The 
function  of  the  plate  is  U>  prevent  cross  flow  of  the  boundary 
layer  by  “separating”  the  fields  of  flow  along  the  wing  span. 
Experiments  on  swept-baek  wings  with  flat-plate  separators 
installed  have  indicated  that  some  increase  in  the  angle  of 
stall  can  he  obtained  by  this  method  alone  but  that  generally 
a new  stall  is  induced  just  inboard  of  the  plate  itself.  Better 
results  might  be  obtained  if  the  flat-plate  separators  arc  used 
in  conjunction  with  changes  in  wing  plan  form,  particularly 
in  the  vicinity  of  »hc  wing  tip. 

(4)  Changes  in  plan  form  ai  <i>.— According  to  tests  made 
III  the  Langley  free-flight  tunnel,  a change  in  wing  plan  form 
at  the  tip  alone  has  little  effect  on  the  tip  stall  (fig.  5},  as 
evidenced  by  the  instability  manifested  by  the  pitching- 
moment  curves  for  all  tip  arrangements.  It  appears  from 
associated  tuft  studies  that  flow  separation  always  occurs 
at  the  junction  between  the  tip  and  the  inboard  portion  of 
the  wing.  In  any  event,  the  change  in  plan  form  shciild 
e.xtend  inboard  of  the  original  stalled  regions. 

(5)  Leading-edge  slats.  The  use  of  tip  slats  has  been  found 
to  he  the  most  effective  method  of  delaying  the  tip  stall. 
Leading-edge  slats  may  increase  tlii^  angle  of  stall  as  much 
as  10°  if  judiciously  located.  Tests  of  models  in  the  Langley 
free-flight  tunnel  have  indicated  the  necessity  of  extend- 
ing the  slat  at  least  over  the  portion  of  the  wing  affected  by 
the  stall.  It  lias  been  found  that  slat  spans  of  the  order  of 
30  to  50  percent  of  the  wing  span  arc  necessary  to  abolish 
completely  the  effects  of  the  tip  stall.  Typical  stalled  areas 
behind  a swept-baek  wing  with  various  slat  arrangemeiitii 
are  shown  in  figure  6. 
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If  fixed  slats  are  used,  an  undesirable  inerease  in  drag  may 
result  at  low  angles  of  attack.  It  may  be  possible,  however, 
to  build  retractable  slats  that  have  only  minor  effects  on  the 
over-all  drag  of  the  wing  at  low  angles  of  attack  after  more 
research  and  work  on  the  development  of  retractable  slats 
have  been  done. 

(6)  Taper. — Part  of  the  stalling  of  swept-baek  wings  can 
be  attributed  to  high  taper.  The  use  of  highly  tapereil 
swept-hack  wings  should  be  avoide(l,  therefore,  ina-smueb 
ns  data  oi\  tapered  wings  iiuli<-ate  that  the  beneficial  effects 
of  sweepback  can  be  obtained  with  moderate  taper  ratios  of 
the  order  of  2:1  (reference  5). 

LONGITUDINAL  STARM.ITY 

As  with  a conventional  airplane,  a tailless  airplane  is 
statically  stable  if  the  center  of  gravity  is  ahead  of  the 
aerodynamic  center.  The  pcsition  of  the  aeroilynamic  cen- 
ter is  appreciably  affected  by  (1)  the  addition  of  a fuselage 
or  a streamline  nacelle,  (2)  sweepback.  and  (3)  power.  The 
e.xtent  of  the  fonvard  shift  of  the  nerodynaniic  center  pro- 
duced by  a fuselage  or  nacelle  has  been  iliscussi“d  in 
reference  6.  The  basic  procedures  for  calculating  the  aero- 
dynamic center  of  wings  of  various  plan  forms  are  given 
in  reference  4.  Applications  of  lifting-surface  theory  to 
the  determination  of  the  span  loading  of  swept-back  wings 
can  be,  found  in  reference  7.  The  effects  of  power  on 
longitudinal  stability  arc  discussed  in  the  following 
' paragraphs. 


Effects  of  power. — The  analysis  of  the  effects  of  power 
on  the  longitudinal  stability  is  somewhat  simpler  for  tailless 
airplanes  than  for  the  conventional  airplane  on  account  of 
the  absence  of  the  horizontal  tad.  For  convenience,  the 
effects  arc  divided  into  three  parts: 

(1)  Effects  ussociateil  with  normal  force  and  direct 

thrust  of  propcllere 

(2)  Effects  associated  with  slipstream  velocity  and 

downwash  behind  propellei’s 

(3)  Effects  associated  with  dynamic  action  of  jets 

The  effect  of  the  propeller  nonnal  force  is  small  for  the 
conventional  arrangements  of  propelleis  and  is  usually  a 
fixed  factor  for  a given  design.  Methods  of  estimating  the 
effect  arc  available  in  reference  8. 

As  with  conventional  airplanes,  the  efl'ecl  of  the  tluust 
on  stability  is  directly  proportional  to  the  product  of  the 
thrust  and  the  perpendicular  distance  from  the  center  of 
gravity  of  the  airplane  to  the  thrust  line.  This  effect  is  con- 
trolled, of  course,  by  the  vertical  location  of  the  propeller 
and  the  inclination  of  the  thrust  line.  The  farther  above  tbe 
center  of  gravity  the  thrust  line  passes,  the  greater  is  the 
stabilizing  effect  produced  by  a given  thrust ; and  the  farther 
below  the  center  of  gravity  the  thrust  line  passes,  tbe 
greater  is  the  instability  produced  by  a given  thrust.  In  any 
case,  the  farther  from  the  center  of  gravity  the  thrust  line 
passes,  the  greater  are  the  changes  in  trim  due  to  the  thrust 
that  accompany  changes  ip  power.  This  effect  is  illus- 
trated in  figure  7.  The  effects  of  power  were  small  when  the 
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At  6 lift  co(‘fIicieiit  of  0.8,  the  static  margin  decreascci  from 
0.04  to  0.012  and  the  unbalanced  pitching  moment  intro- 
duc(‘d  by  tlie  tlirust  required  about  10°  of  down  elevator  to 
trim  tlie  airplane. 

TJie  propeller  slipstream  is  an  important  contributing  item 
to  the  longitudinal  stability  characteristics  of  the  airplane — 
juirticubnly  for  tractor  arrangements.  The  controlling  fac- 
tor is  the  location  of  the  aerodynamic  center  of  the  jiortion 
of  the  wing  immei  scd  in  the  slipstream.  If  the  aerodynamic 
center  of  this  portion  of  the  wing,  is  behind  the  center  of 
gi-avity  of  the  airplane, 'the  slipstream  produces  a stabilizing 
effect;  if  the  aerodynamic  center  of  this  portion  of  the  wing 
is  ahead  of  the  center  of  gravity  of  the  airplane,  the  slipstream 
produces  .-i  destabilizing  effect.  Design  parametei-s  affecting 
the  contiihution  of  the  propeller  sli])stream  are  (1)  the  loca- 


tion of  the  section  aerodynamic  centers,  (2)  the  spanwise 
location  of  tiic  propellers,  and  (3)  tlie  inclin  tion  of  the  pro- 
peller a.xis.  The  basic  moment  of  the  imn  'isetl  wing  sec- 
tions also  has  an  effect.  Figure  S indicates  the  magnitude 
of  some  of  the  power  effects  to  be  e.xpected. 

I'or  the  tractor-type  tailless  airplane  shown  in  figure  8,  the 
thrust  line  passes  near  the  center  of  gravity  so  that  the  effect 
of  the  thrust  is  negligible.  The  aerodynamic  centers  of  the 
wing  sections  inunersed  in  the  sliiJStream  arc  ahead  of  the 
center  of  gravitjL  however,  and  the  slipstream  therefore 
produces  a destabilizing  effect. 

hrom  consideration  of  changes  in  static  maigin  and  trim, 
it  appears  desirable  on  tailless  aiiplanes  of  the  pusher  type 
to  locate  the  thrust  line  close  to  the  center  of  gravity  of  the 

airplane  ^-?<0.01  is  recommended)  and,  if  feasible,  to  locate 

tile  propeller  so  that  the  aerodynamic  centers  of  the  wing 
sections  affected  by  the  inflow  to  the  propeller  are  either  on 


or  slightly  behind  the  lateral  a.xis  through  the  center  ol 
gravity  of  the  airplane. 

For  jet-propelleil  airplanes,  the  location  and  inclination  of 
the  jet  axis  exercises  an  effect  on  the  stability  characteristics 
of  the  airplane  similar  to  the  effect  produced  by  the  thrust  of 
a propeller.  At  the  present  time,  it  nppeai-s  that  the  location 
of  the  jet  axis  shoiihl  be  governed  by  the  same  factors  which 
were  considered  in  the  discussion  concerning  the  location  of 
the  thrust  lini‘  of  conventionally  powered  airplanes. 

Damping  in  pitch. — As  pointed  out  in  reference  1,  the  low 
value  of  associated  with  tailless  airplanes  is  no  serious 
disadvantage  so  far  as  the  damping  of  the  oscillations  is 
concerned  if  the  airplane  has  a positive  static  margin.  It 
api)ears  that  dumping  is  introduced  by  the  particular  coupling 
of  the  modes  of  motion  as  affected  by  the  low  value  of 
and  by  the  reduced  radius  of  gyration  in  pitch  ns  shown  in 
reference  1 and  figure  9.  The  results  of  tests  in  the  Lnngle3' 
free-flight  tunnel  freference  9)  indicated  that  changes  in  the 
rotational  damj>ing  in  pitch  have  little  effect  on  the  longi- 
tmlinal  steadiness  for  values  of  the  static  margin  greate,' 
than  0.03. 


Fjgi  re  ElTfCt  of  radius  of  g>T0tion  In  pitch  on  the  short-period  longitudinal  oscilUl'oo 
of  a tailless  and  a conventional  airplane.  Static  margin «0.07.\ 
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It  was  pointed  out  in  reference  1 that  tlie  reduced  damping 
in  pitch  of  a tailless  airplane  might  result  in  an  uncontrollable 
motion  of  the  airplane  if  the  static  margin  is  allowed  to 
become  negative.  This  contention  has  been  supported  by 
subsequent  tests  in  the  Langley  free-llight  tunnel  (reference 
9).  Tiie  tests  indicated  that  a serious  form  of  instability  I 
may  develop  when  the  static  margin  of  a tailless  airplane  | 
becomes  negative.  As  a result  of  this  danger  of  tincontrollable  | 
motions  with  negative  static  maigins,  it  is  recommended  that  | 
the  center  of  gravity  of  a tailless  airplane  never  be  permitted,  ; 
under  any  conditions,  to  reach  a position  behind  the  i 
aerodynamic  center. 

Tumbling. — A form  of  dynamic  instability  of  tailless  air- 
planes may  be  manifested  as  tumbling.  Tumbling  consists 
of  a continuous  pitching  rotation  about  the  lateral  a.xis 
of  the  airplane.  The  maneuver  is  e.\tremel_v  violent  and 
imposes  severe  accelerations  on  parts  of  the  airplane.  ; 
So  far  as  is  known,  there  are  no  authenticated  instances  of 
the  occurrence  of  tumbling  in  flight.  Models  of  tailless  I 
airplanes  have  been  made  to  tumble  in  the  Langley  20-foot 
free-spinning  tunnel,  however,  by  forcing  the  model  to 
simulate  a whip  stall.  At  the  present  time,  however,  little 
is  knowTi  about  the  mechanics  of  the  tumbling  motion,  j 
Tests  conducted  in  the  Langley  20-foot  free-spinning  tunnel  | 
have  shown  that  the  position  of  the  center  of  gravity  has  a | 
pronounced  effect  on  the  motion.  It  appears  that  provision 
of  a large  static  margin  prevents  tumbling  but  that  a stable 
tumbling  condition  may  e.xist  if  the  static  margin  is  slight. 
Tests  have  shown  also  that  once  the  tumbling  motion  has  ! 
started  the  normal  flying  controls  are  relatively  ineffective  I 
for  recovery  from  tliis  stable  tumbling  condition. 

In  view  of  the  severity  of  the  tumbling  maneuvers,  it  is 
recommended  that  tumbling  tests  be  required  of  models  of 
all  fighter  tailless  airplanes. 

LONGITUDINAL  CONTROL 

One  of  the  difficult  problems  in  the  design  of  tailless  air- 
planes is  the  provision  of  adequate  longitudinal  control.  The 
type  of  longitudinal  control  usualL'  employed  consists  of  an 
elevator  (or  flap)  placed  at  the  trailing  edge  of  the  wing. 
^^ith  this  t3'pe  of  control,  the  loss  in  lift  caused  bv  the  flap 
deflection  required  to  trim  the  aiqilane  can  be  appreciable, 
particularly  for  a tailless  airplane  with  a large  static  maigin. 
The  computed  loss  in  lift  that  results  from  trimming  the 
airplane  at  various  values  of  static  margin  is  shown  in 
figure  10.  It  is  evident  from  figure  10  that  the  loss  in  lift 
caused  by  the  longitudinal  control  can  be  minimized  by 
placing  the  control  surfaces  at  the  tips  of  highl.v  swept-back 
wings  of  high  aspect  ratio.  When  the  longitudinal  control 
is  placed  near  the  wing  tips,  the  elevator  cun  be  combined 
with  the  aileron  in  an  arrangement  to  be  discussed  later  in 
the  section  entitled  “Aileron  Control.” 

Design  requirement. — It  is  to  be  expected  that  the  elevator 
stick-force  requirements  for  taille.ss  airplanes  should  be  the 
■‘aiiie  as  for  conventional  airplanes  of  the  same  class.  The 
balance  requirements  for  tailless  airplanes,  however,  are 
more  severe  than  for  conventional  airplanes.  For  the  same 
static  margin,  the  elevator  of  a tailless  airplane  usually  must 


Floi'ftB  10.— reroent  leas  In  lat  caused  by  Ivnsiludtoal  oaotral.  r. -0.30c.-  1,-21°; 

Conirol  cctisists  of  wtcDdaic  elevator  span  inboard  from  tip  until  the  resultinit  pitchinft 
iBomrot  about  the  center  of  gravity  is  lero. 


be  deflected  considerably  more  than  that  of  a conventional 
airplane  in  oriler  to  produce  tlie  same  changes  in  trim  lift 
coefficient  in  flight.  The  elevator  on  tailless  aii  jilanes,  being 
an  integral  part  of  the  wing,  must  also  operate  at  all  angles 
of  attack  of  the  wing  up  to  the  stall.  The  elevator  must 
therefore  be  balancetl  over  a large  range  of  angle  of  attack 
and  deflection. 

In  order  tliat  push  forces  may  be  required  to  incieasc  the 
airplane  speed  (from  trim  speed)  and  that  pull  forces  may 
be  required  to  reduce  the  airplane  speed,  tJic  inherent  up- 
floating  tendencies  of  the  elevator  with  increasing  angle  of 
attack  must  be  reducetl.  The  critical  case  for  stick-force 
reversal  (called  elevator  snatch)  is  that  for  neutral  loiigi- 
tiidinal  stability  (or  zero  static  margin).  If  there  is  to  be 
no  stick-force  reversal  for  this  case,  the  variation  of  the 
elevator  lunge  moment  with  angle  of  attack  must  be  zero 
or  positive  at  all  angles  of  attack  throughout  the  flight 
range.  IVlien  this  condition  is  fulfilled,  the  elevator  either 
reiiiiiins  stationary  or  flouts  down  as  the  angle  of  attack  is 
increased.  Further  discussion  of  tliis  point  maj'  be  found 
in  reference  10. 
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Types  of  control. — A plain  flap  is  unsuitable  for  use  as  on 
elevator  on  a Inilless  airplane  mainly  because  it  floats  upward 
as  tlie  auj;le  of  iittnek  of  the  wing  is  inoroased.  In  figure  11, 
the  upfloating  tendency  of  the  flap  is  manifested  by  the  in- 
creasingly negative  flap  hinge  moments  that  are  developed 
as  the  angle  of  attack  is  increased.  Various  balancing 
scliemes  have  been  proposed  for  reducing  or  eliminating 
the  upfloating  tendency  of  plain  flaps  but  no  aerodynamic 
balances  are  yet  known  tliat  completely  satisfy  the  design 
requirements.  Several  balance  arrangements,  however,  show- 
promise  of  being  satisfactory  in  two-dimensional  tests  but 
have  received  no  experimental  verification  in  three- 
dimensional  tests.  A few  of  the  proiic.sals  are  discussed  in 
the  following  paragraphs: 

(1)  yffcc/s.- -Figure  11  presents  the  variation  of  elevator 
section  hinge-moment  coefficient  with  angle  of  attack  at 
zero  elevator  deflection  for  straight-side  and  hevelcd  eleva- 
tors with  and  without  internal  balance  vented  at  the  iiinge 
line.  The  curves  indicate  that  tlie  desired  hinge-moiiicnt 
variation  with  angle  of  attack  cannot  be  obtained  with  these 
arrangements  of  bevel  and  internal  balance.  .Since  the 
slojjcs  for  all  elevators  are  nearly  parallel  at  hiTge  angles  of 
attack,  it  is  not  to  be  expected  that  favorable  curves  can  be 
obtained  cither  by  further  increasing  the  trailing-edge  angle 
or  by  increasing  the  length  of  the  internal  balance  vented 
at  the  hinge  line. 

llcveled  elevators  also  affect  the  location  of  the  wing  aero- 
dynamic center.  The  magnitude  of  the  effect  depends  on 
the  chord  and  span  of  the  elevator.  In  general,  the  stick- 


I fixed  aerodynamic  center  of  the  wing  moves  forward  with  an 
j increase  in  trailing-edge  angle,  and  the  stick-free  aerodynamic 
I center  of  the  wing  moves  backward  with  an  increa.se  in 
trailing-edge  angle. 

(2)  Special  renting. — It  has  been  suggested  that  an  internal 
balance  be  used  w Inch  has  a vent  near  the  airfoil  leading  edge. 
Analysis  of  available  data  indicati>s  that,  at  laige  angles  of 
attack,  however,  this  arrangement  would  hove  the  same  un- 
favorable characterislies  ns  the  internal-balance  arrange- 
ments vented  at  the  hinge  line. 

An  analysis  of  pressure-distribution  data  indicates  that  on 
internal  balance  vented  near  the  trailing  edge  of  the  airfoil 
would  give  the  desired  hinge-moment  variation  with  angle  of 
attack.  The  fact  that  the  pressure  changes  in  this  region 
of  the  airfoil  are  small,  however,  appears  to  demand  an 
inU-rnal  balance  of  such  length  as  to  be  impracticable. 

(2)  Slots  ahem!  of  eleratora. — As  the  upfloating  tendency 
inherent  in  all  control  surfaces  at  large  angles  of  attack  is 
caused  by  air-flow  separation  over  the  control  surfaces,  it 
has  been  proposed  that  slots  be  placed  in  the  wing  ahead  of 
the  elevator  as  one  means  of  suppressing  this  effect.  Very 
little  research  has  been  done  on  this  particidar  scheme  how- 
ever and,  at  the  present  time,  all  that  can  be  said  is  that  it 
might  be  advantageous. 

[ (4)  Avlomalirally  controlled  tabs. — Several  rather  mechan- 

ically comi>lex  types  of  balance  have  been  proposed  to  pre- 
vent elevator-force  reversals.  Because  a tab  is  normally  a 
I>o\verful  means  of  ehanging  elevator  hinge  moments,  it  has 
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been  proposed  to  place  a tab  on  the  elevator  and  cause  the 
tab  to  deflect  upward  in  such  a manner  that  the  elevator 
floats  down  when  the  angle  of  attack  is  increased.  The 
defleetion  of  the  tab  would  be  controlled  either  bY  linking 
it  to  an  internal  balance,  suitalily  vented,  or  by  linking  it 
to  a free-floating  spanwise  portion  of  the  elevator  called  a 
flipper.  The  flipper  should  be  located  along  the  span  in  a 
region  where  the  stall  is  first  manifested  over  the  control 
surface.  Two-dimensional  characteristics  of  several  sucli 
flipper-tab  anangements  have  been  computed  from  section 
data,  and  the  results  are  presented  in  figure  12.  .Some  of 
the  configurations  result  in  hinge-moment  slopes  that  are 
either  zero  or  positive  at  all  angles  of  attack.  If  similar 
characteristics  could  be  obtained  in  three-dimensional  flow, 
no  stick-force  revereal  would  occur  for  these  combinations. 
The  stick  force  could  bo  controlled  by  adapting  a spring 
either  to  the  same  tab  or  to  an  auxiliary  tab. 

(5)  SpoUers. — The  possibility  of  using  a spoiler  as  an 
elevator  has  been  suggested  as  a means  of  avoiding  stick- 
force  reversals.  The  loss  in  lift  accompanying  the  production 
of  a given  pitching  moment  is  greater  with  the  spoiler  con- 
trol, however,  than  with  the  elevator  control.  Unpublished 
tests  of  rearwardlv  located  spoilers  on  two  ditferent  models 
confirm  the  fact  that  spoiler  projections  of  less  than  0.01c 
produce  negligible  changes  in  lift.  Such  a spoiler  is  undesir- 
able for  longitudinal  control  because  a small  stick  movement 
produces  no  change  in  trim,  whereas  a larger  movement  of 
the  stick  may  produce  large  changes  in  trim  and  normal  ac- 
celeration. The  characteristics  of  spoilers  can  he  controlled 
somewhat  by  adjusting  the  spoiler  span  and  by  incorporating 
special  venting  to  the  spoiler. 


Inasmuch  as  the  spoiler  may  he  located  ahead  of  ati  aileron, 
an  upward  deflection  of  the  spoiler  would  cause  the  aileron 
to  have  an  upfloating  tendency  and  at  the  same  time  cause 
the  ailerons  to  be  less  nearly  balanced.  , ' 

Control  for  take-off. — I'nder  take-ofi  conditions,  the  longi- 
tudinal control,  besides  supplying  a pitching  moment  large 
enough  to  trim  the  wing  at  the  lift  coefficient  com'sponding 
to  the  ground  angle  of  the  airjilane,  may  be  required  to  suiqily 
the  “additional”  pitching  moment  necessary  to  counteract 
(I)  the  pitching  moment  of  the  weight  of  the  airplane  about 
the  point  of  contact  with  the  ground,  (2)  the  pitching  moment 
created  by  the  friction  force  on  the  wheels^  and  (3)  iiitching 
moments  arising  from  intcrferen’cc  caused  by  the  proximity 
of  the  airplane  to  the  ground  (references  11  and  12).  In 
order  to  make  ci  tain  that  the  airplane  has  adequate  longi- 
tudinal control  t compensate  for  these  additional  pitching 
moments  arising  ^uring  the  take-off,  the  Army  requirements 
for  an  airplane  equipped  with  a tricycle  landing  gear  state 
that  the  longitudinal  control  shall  be  powerful  enough  to 
pull  the  nose  wheel  off  the  ground  at  80  percent  of  the  take- 
off speed  during  operation  off  terrain  where  the  coefficient  of 
friction  is  1 /lO  (reference  13).  An  idea  of  the  magnitude  of 
the  “additional”  pitching  moment  that  the  longitudinal 
control  must  supply  to  compensate  for  the  e.xtraneous  effects 
associated  with  take-off  may  be  obtained  from  figure  13. 

Because  of  the  short  moment  arm  associated  with  the 
elevator  of  a tailless  airplane,  it  is  extremely  difficult  to 


(a)  «-o*. 

(b) 

(C)  *-is». 

fiGCliS  13.~AddUioiiaI  pitchiiif*monu>nt  cuefllcient  requlml  to  pull  the  nose  wheel  of  a 
Calilen  airplane  off  tho  ground  ot  txTO'nt  of  thfi  Uke-od  suee<l.  Asduincil  take-oit 
Ct-1  HI. 
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design  an  elevator  that  can  alone  supply  the  pitching 
moments  necessary  to  meet  the  Army  take-off  requirements; 
for  example,  point  A spotted  on  figure  13(c)  was  computed 
for  a typical  tailless  airplane.  For  this  case,  a pitching- 
moment  coefficient  of  —0.335  is  needed  to  raise  the  nose 
wheel  off  the  ground.  The  elevator  effectiveness  for 

this  airplane  is  only  —0.003  per  degree,  and  thus  the  elevator 
cannot  raise  the  nose  whe(«l  for  take-off.  In  order  to  remedy 
this  situation,  it  has  been  pit)pose<l  to  utilize  the  nose  wheel 
as  a jack  to  adjust  the  ground  angle  during  the  take-off  run. 
If  some  scheme  of  this  type  is  not  provided,  it  appears 
likely  that  tailless  airplaiU'S  may  experience  difficulty  in 
raising  the  nose  wheel  off  the  gi-ound  at  take-off  if  the  landing- 
gear  angle  6 is  large,  particularly  with  large  static  margins. 

Center-of-gravity  range.— On  the  bo.sis  of  the  longitudinal 
stability  and  contiol  problems  which  have  been  discussed,  it 
apijeai-s  that  the  permissible  range  of  center-of-gravity 
position  compatible  with  satisfactoiy  flight  behavior  is  more 
critical  for  tailless  airplanes  than  for  conventional  airplanes. 
If  the  static  margin  becomes  negative,  there  is  danger  of 
encountering  longitudinal  instability  either  as  a divergence 
from  straight  flight  or  as  tumbling.  If  the  static  mai^n  is 
too  great,  the  elevator  control  may  not  be  powerful  enough 
to  raise  tlie  nose  wheel  off  the  ground  at  take-off.  Further- 
more. if  the  static  margin  is  large,  the  elevator  deflection 
required  to  trim  the  airplane  in  level  flight  may  seriously 
impair  the  efficiency  of  the  wing  with  a consequent  loss  in 
performance  of  the  airplane.  At  the  present  time,  a range 
of  ultimate  static  margin  from  0.02  to  0.08  appears  to  be 
reasonable  for  tailless  airplanes. 


pellcr  force.  If,  in  addition,  the  pusher  propeller  is  mounted 
behind  a vertical  tail  surface,  an  additional  increment  in 
directional  stability  is  realized  from  the  vertical  tail  surface 
because  of  the  effects  produci*d  by  the  inflow  of  air  into  the 
propeller. 

The  destabilizing  effect  of  a fuselage  or  streandine  nacelle 
on  the  directional  stability  has  been  discussed  in  reference  1. 
The  destabilizing  effect  of  the  fuselage  and  nacelle  of  tailless 
airplanes  is  usually  at  least  as  great  as  the  stabilizing  effects 
contributed  by  the  wing  alone.  It  is  therefore  necessary  on 
tailless  airplanes  to  provide  some  method  of  suppl3’ing 
directional  stability. 

The  provision  of  adequate  directional  stability  for  tailless 
airplanes  is  more  difficult  than  for  conventional  airplanes 
because  of  the  short  longitudinal  moment  aim.  A variety 
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LATERAL  STABILITY  AND  CONTROL 

DIRECTIONAL  STABIUTT 

Since  the  publication  of  reference  1,  several  models  of  tail- 
hss  aiiqjlancs  have  been  testetl  in  the  Langley  free-flight 
tunnel.  It  has  been  verifietl  from  these  tests  that  the 
amount  of  directional  stabilitj'  possessed  by  tailless  airplanes 
should  be  us  great  as  required  on  conventional  airplanes  if 
the  same  requirements  regarding  satisfactory  flying  qvalUies 
are  to  be  adhered  to.  The  value  of  the  directional-stability 
parameter  C,^,  recommended  for  conventional  airplanes,  is 
usually  greater  than  0.001  per  degree.  As  evidenced  from 
figure  14,  however,  models  have  been  flown  in  the  Langley 
free-flight  tunnel  and  with  a value  of  of  only  one-third 
this  amount  although  the  best  flying  qualities  of  these  models  • 
were  obtained  with  values  of  in  excess  of  0.001. 

The  inherent  aerodynamic  characteristics  of  the  wing  alone 
have  sometimes  been  tried  ns  the  source  for  directional 
stability.  The  amount  of  stability  contributed  by  the  wing 
depends  on  the  wing  plan  form  and  the  lift  coefficient.  The 
effect  of  the  wing  plan  form  does  not  appear  large  but  more 
dsita  are  neeilod  on  this  subject.  The  directional  stability  of 
the  wing  alum'  increases  somewhat  with  lift  coefficient.  The 
directional  stability  at  low  angles  of  attack  for  the  wing  nlpne 
has  generally  been  found  to  be  inadequate  although  adequate 
stability  may  sometimes  exist  at  high  angles  of  attack. 

A pusher  propeller  usually  contributes  a small  degree  of 
directional  stability  because  of  the  stabilizing  normal  pro- 


of fin  arrangements  and  end  plates  of  the  type  discussed  in 
reference  1 has  been  tested  on  mo<lels  of  tailless  airplanes  in 
the  I^nngley  free-flight  tunnel  in  an  effort  to  improve  the 
directional  stability  of  specific  models.  A rfeumfi  of  some  of 
the  more  pertinent  considerations  that  have  evolved  from 
these  tests  is  given  in  the  subsequent  discussions. 

(1)  Fins. — It  has  been  found  that,  for  a tailless  airplane 
having  a straight  wing,  adequate  directional  stability  can  be 
proviiietl  by  vertical  tail  surfaces  located  at  the  center  section 
of  the  wing  near  the  trailing  edge  (or  on  the  fuselage  if  one 
is  available).  The  size  and  number  of  vertical  tails  necessaiy 
for  a specific  design  of  course  depends  primarily  on  the 
degree  of  directional  stability  required.  When  multiph- 
tails  arc  used,  it  appears  to  be  preferable  to  use  as  few  tails 
of  ns  high  aspect  ratio  as  possible  because  (a)  fins  of  high 
aspect  ratio  are  more  effective  than  fins  of  low  aspect  ratio, 
(b)  the  interference  effects  between  adjacent  vertical  fins  are 
minimized,  and  (c)  much  of  the  fin  is  outside  the  relatively 
thick  boundary  layer  on  the  upper  rear  surface  of  the  wing. 

If  the  tailless  airplane  has  a swept-bnek  wing,  the  usual 
practice  is  to  place  the  vertical  tail  surfaces  at  the  tips  rather 
than  at  the  center  si'ction  in  order  to  take  advantage  of  the 
longer  moment  arm  available.  \Mien  vertical  fins  are  placed 
at  the  wing  tip  extremities,  however,  the  moment  arm  asso- 
ciated witi;  the  drag  of  the  tip  fin  is  so  large  (one-half  the 
span)  that  the  drag  characteristics  as  well  ns  the  lift  charac- 
teristics of  the  tip  fins  exert  ..ii  .nfluence  on  the  directional 
stability.  The  relative  contribution  of  the  lift  and  drag  of 
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the  tip  fins  to  the  directional  stability  of  the  airplane  of 
course  depends  on  their  inherent  aerodynamic  characteristics. 
Some  attention  must  accordingly  be  devoted  to  setting  the 
initial  angle  of  the  tip  fins. 

If  directional  stability  is  to  be  obtained  with  tip  fins  of 
low  aspect  ratio  (less  than  about  2),  the  tip  fin  must  be  set 
with  some  initial  toe-in  because  of  the  large  iiuluced  drag 
associated  with  lifting  surfaces  of  low  aspect  ratio.  When 
the  airplane  is  yawed,  the  stabilizing  moments  generated 
by  tip  fins  are  produced  by  the  large  inducetl  drag  of  the 
forward  wing  tip.  If,  on  tlie  other  hand,  directional  stability 
is  to  be  obtained  with  tip  fins  of  moderate  or  high  aspect 
ratio,  the  tip  fins  must  be  set  with  some  initial  toe-out. 
\\  ith  toed-out  tip  fins,  the  stabilizing  moments  are  gener- 
ated by  the  outwardly  directed  lift  as  e.xplained  in  reference  1. 
The  stalling  characteristics  of  the  tip  fins,  moreover,  arc 
an  important  design  consideration.  When  an  airplane 
with  toed-out  tip  fins  is  yawed  to  an  angle  sutficient  to  stall 
tlie  rear  tip  fin,  a lai-ge  destabilizing  moment  is  generated  bv 
the  increased  drag  of  tlie  rear  tip  fin.  On  the  other  hand, 
when  an  airplane  with  toed-in  tip  fins  is  yawed  to  an  angle 
sufficient  to  stall  the  forward  tip  fin,  a large  stabilizing 
moment  is  produced.  The  manner  in  which  the  stalling  of 
toed-in  and  toed-out  tip  fins  affects  the  directional  stability 
of  the  airplane  is  illustrated  in  figure  15. 

, It  has  been  suggested  that  the  elTectiveness  of  drag  tip 
fins  cfin  be  augmented  l^v  employing  an  airfoil  section  posses- 
sing aerodynamic  charael eristics  similar  to  those  shown  in 
figure  16  for  the  NACA  airfoil.  -In  practice,  the  tip 


fins  are  set  at  the  correct  angle  of  toe-in  for  zero  lift  in 
straight  flight.  \Mien  the  airplane  sideslips,  the  angle  of 
attack  of  the  leading  tip  fin  is  made  more  negative  and  thus 
causes  a large  iticrease  in  the  profile-drag  coefficiruit  duo  to 
flow  separation;  whereas,  at  the  same  time,  the  angle  of 
attack  of  the  trailing  tip  fin  is  increased  positively  and  thus 
causi*s  only  a relatively  small  increase  in  its  profile-drag 
coi-fficicnt.  Drag  fins  of  this  type  have  not  been  tested  in 
flight.  A lateral  oscillation  may  jiossibly  develop  ns  a result 
of  drag  hysteresis,  although  such  an  effect  has  not  been 
oliserved  in  tests  of  small-scale  models. 

The  most  effective  tip  fins  tested  in  the  Langley  free-fliglit 
tunnel  have  been  based  on  the  profile-drag  principle.  Tip 
fins  based  on  induced-drag  principles  have  been  somewhat 
less  effective.  The  tip  fins  based  on  lift  principles  have  been 
the  least  effective  tested  because  of  the  short  moment  arm 
associated  with  the  lift  tip  fins.  The  moment  arm,  however, 
is  controlled  by  the  angle  of  sweep  so  that,  for  wings  with  a 
large  amount  of  swee|)back,  it  may  be  feasible  to  design  an 
effective  lift  tip  fin.  Central  fins  have  generally  tieon  satis- 
factory, particularly  if  mounted  on  the  end  of  a fu.sclage. 

(2)  Tvrneil-down  wing  — The  amount  of  inJierent 

directional  stability  possesseil  by  a wing  may  he  increased 
by  turning  down  the  wing  tips;  thus,  in  effect,  the  wing  tips 
are  made  to  function  somewhat  as  lower-surface  tip  fins  and 
the 'increased  directional  stability  is  manifested  through  the 
outward  lift  deVeloped  on  the  wing  tips.  The  incorporation 
of  positive  dihedral  angle  on  the  wing,  however,  results  in  a 
decrease  in  directional  stntiility  because  the  lift  of  the  wing 
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Angle  of  attack,  et,  deg 

FiGUtB  16.— Aerodynamic  diaractertstki  of  NACA  4306  alrioU  metioii. 

itself  is  directed  inward  rather  than  outward  (fig.  17).  The 
destabilizing  influence  of  a positive  dihedral  angle  must  be 
taken  into  account  in  computing  the  directional  stability 
required  of  the  wing  tips.  An  e.vamination  of  figure  17 
indicates  that  the  effects  of  the  dihedral  can  practically 
nullify  the  effects  of  the  turned-down  wing  tips.  Turned- 
down  wing  tips  are  believed  to  be  less  satisfactory  for 
securing  directional  stability  than  fins  of  tlie  types  previously 

discussed.  . 

(3)  Automatic.  emtroL—lt  has  been  suggested,  tliat  a tail- 
less airplane  of  very  low  directional  stability  with  fi^ed  con- 
trols could  be  flown  satisfactorily  if  an  automatic  pilot  were 
geared  to  the  directional  control  in  such  a manner  that  when 
the  airplane  sideslipped  tlie  amount  of  directional  control 
supplied  would  be  sufficient  to  increase  tlie  effective  value  of 
C,  . Reference  1 includes  the  suggestion  that  the  directional 
control  could  be  linked  with  the  aUeron  control  in  order  to 
minimize  the  effects  of  adverse  aileron  y;  v.  It  is  believed 
that  satisfactory  flight  behavior  could  be  t >Uined  with  such 
automatic-stabilizing  schemes  although,  at  die  present  time, 
no  flight  investigations  of  such  applications  have  been 
reported. 

DIRECTIONAL  CONTROL 

The  requirements  of  rudder  control  for  tflilless  airplanes 
arc  essentially  the  same  ns  for  conventional  airplanes. 
Rudder  control  is  neccssaiy  to  counteract  the  adverse  yaw- 
occurring  during  rolling  maneuvers  and  to  provide  sufficient 
directional  control  to  trim  the  airplane  directionally  at 
operation  under  asymmetric  power  conditions.  At  the 


{«)  8wepl-b«ck  wine  with  «•  dUnjlral  of  oentor  Krtion  and  -30*  dihedral  of  wm(  tipi. 
^ ^ Ct-0.25;  C.^-0.00033  (C«^-0.00024  for  wing  without  turned*down  tips). 


(h)  Swept-hack  wtof  with  0*  dihedral.  (Ci-0.3)  to  O.OOOJS  (Ct-IA). 

FiovBi  IT.— ComparlKM  of  diiacUonal  nahlUtT  of  two  tapered  awept-hack  winp 

present  time,  the  solution  to  the  problem  of  creating  ade- 
quate directional  control  rests  primarily  in  reducing  the 
vawing  moment  that  such  a control  must  overcome,  thus, 
it  is  of  particular  advantage  on  tailless  airplanes  to  locate 
the  propellers  as  close  as  possible  to  the  center  line  and  to 
provide  ailerons  that  create  favorable  yawing  moments 
w'hen  deflected. 

The  provision  of  adequate  directional  control  on  a tailless 
airplane  with  rudders  based  on  lift  principles  is  difficult 
because  of  the  small  moment  arm  available  for  control. 
Computations  have  indicated  that  rudders  based  on  lift 
principles  alone  generally  are  not  able  to  counteract  the  yaw- 
[ ing  moments  generated  by  severe  asymmetric  thrust  condi- 
tions even  if  mounted  at  the  tip  of  a swept-hack  wing. 
Lift  rudders  must  also  develop  an  appreciable  side  force 
because  of  the  short  moment  arm.  In  order  to  compensate 
for  this  side  force,  the  tailless  airplane  must  be  sideslipped  or 
banked  an  appreciable  amount  because  of  its  low  lateral 
resistance.  Some  of  the  flight  difficulties  that  may  arise  as 
a result  of  these  circumstances  are  discussed  in  reference  U. 
Some  use  has  been  made,  therefore,  of  directional  control 
that  is  dependent  upon  drag  characteristics  because  of  the 
large  moment  aim  which  can  be  obtained  by  locating  the 
draf;  directional  control  at  the  wing  tip. 
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It  appeals  possible  to  desiftii  a rudder  baseil  on  drag  prin- 
ciples utilizing  a double  split  flap  (brake  flap)  that  could  trim 
the  yawing  moments  caused  by  asymmetric  thrust  condi- 
tions (fig.  18).  It  is  cautioned,  however,  that  split-flap 
ruilders  may  generate  undesirable  rolling  moments  along 
witli  the  yawing  moments  produced.  This  type  of  rudder 
may  also  affect  the  performance  of  the  airplane  if  the  <lrag 
increments  necessary  for  control  arc  very  lai-ge.  At  the 
present  time,  specific  designs  of  ruddei'S  of  this  typo  should 
be  developed  experimentally. 

The  use  cf  propellei-s  mounted  in  the  wing  tips  has  been 
proposed  as  a method  for  supplying  directional  stability  and 
control.  Such  a system  could,  of  course,  be  used  easily 


wiruj  tip,  froc  fion  wvfg  spon 

Figuiib  18.— Yairlnn  momenls  creatwl  by  double  split  p»*rformted  dnut  rudder*  mounted 
« • inf  Ups.  f/-G.20c;  propulsive  efflcicacy;  , win*  losdfnf , pounds  per  square  foot . 

with  an  automatic  pilot.  It  is  believed,  however,  that 
structural  considerations  may  make  such  an  arrangement 
impracticable  at  the  present  time. 

DIHEDRAL 

The  requirements  of  dihedral  for  stability  are  essentially 
the  same  for  a tailless  airplane  as  for  a conventional  airplane. 
Computations  of  the  type  presented  in  references  15  and  16 
and  investigations  conducted  in  the  I.Jingley  free-flight  tunnel 
(fig.  14  and  reference  17)  have  indicated  that,  in  the  interest 
of  lateral  control  and  steadiness  in  gusty  air,  it  is  desirable 
to  keep  the  effective  dihedral  angle  small.  The  results  of 
these  investigations  have  indicated  that,  for  satisfactory 
lateral  stability,  the  effective  dihedral  angle  should  not  e.xceed 
a value  eorri'sponding  to  — C,j  = 0.001  per  degree.  This  value 
of  C,  corresponds  to  » geometric  dihedral  angle  of  about  5® 


on  a plain  wing  with  no  sweepback.  It  is  noted  that  for  a 
wing  with  no  sweepback  is  practically  indepemlent  of 
lift  coefficient. 

Effect  of  sweepback. — Systematic  investigations  to  de- 
termine the  effect  of  swecpliack  and  taper  on  (\^  are  being 
conducted.  The  limited  data  available  at  the  present  time 
imheate  thot  the  effective  dihedral  of  a swept-haek  wing 
increases  with  angle  of  attack ; it  is  thus  advisable  to  use  a 
geometric  dihedral  angle  of  alamt  0°  in  order  that,  at  the 
higher  lift  eoefficients.  the  effective  dihedral  does  not  exceed 
3®  or  4®.  The  increase  in  C,,  with  angle  of  attack  for  a 
swept-back  wing  is  not  so  cietrimental  as  might  first  be 
supposed,  however,  because  of  the  accompanying  inei'case 
ill  weatliercoek  stability.  An  empirical  formula  for  esti- 
mating the  effect  of  sweep  on  C,,  is  discussed  in  reference  IS. 

Effect  of  sweepforward.  — The  effective  dihedral  of  a 
swept-forward  wing  decreases  ns  the  angle  of  attack  is 
increased.  Some  idea  of  the  magnitude  of  the  effect  to  be 
expected  is  given  in  reference  18.  There  is  an  indication 
also  tliat  the  weathercock  stability  of  a sw'ept-fonvard  wing 
may  decrease  with  increase  in  angle  of  attack.  This  effect 
would  make  the  attainment  of  lateral  stability  over  a large 
range  of  angle  of  attack  difficult.  More  infomiatiou  on 
swept-forward  wings  is  neeiled,  however,  in  order  to  evaluate 
these  effects. 

AILERON  CONTROL 

The  aileron  control  of  a toilless  airplane  presents  no  prob- 
lems greatly  different  from  those  for  conventional  airplanes. 
An  effort  should  be  made,  however,  to  avoid  ailvcrse  aileron 
yawing  moments,  particularly  if  the  directional  stability  is 
low,  in  order  to  minimize  the  sideslip  developed  during 
rolling  maneuvers.  Adverse  aileron  yaunng  moments  can  be 
minimized  by  uprigging  both  ailerons  or  by  utilizing  rota- 
table wing  tips  of  the  type  previously  described.  In  order 
to  overcome  the  effects  of  adverse  aileron  yaw.  it  may  be  of 
advantage  to  employ  a spring  connection  between  the  aileron 
and  rudder  control  in  a manner  described  in  the  section 
entitled  “Tactical  maneuvers.”  It  is  desirable  also  tliat  no 
pitching  moments  be  produced  by  the  deflection  of  the 
ailerons  because  the  ailerons  have  nearly  the  same  moment 
arm  ns  the  elevators.  It  is  necessary  therefore  to  use  ail- 
erons with  an  equal  up  and  down  deflection. 

Spoiler  control.-  The  use  of  spoilers  for  ailerons  on  tailless 
airplanes  has  been  advocated  from  time  to  time.  If  only 
iipgoing  spoiler  projections  are  use<l,  the  pitching  moments 
developed  arc  prohibitive.  A spoiler  arrangement  employ- 
ing equal  up  and  down  projections  would  improve  this  con- 
dition but  the  tlata  available  are  insufficient  for  evaluating 
conclusively  the  merits  of  such  a system. 

Elevon  control.-  For  some  tailless  airplanes  utilizitig  a 
swept-back  wing,  ailerons  placed  near  the  wing  tips  have 
been  made  to  act  also  an  elevators  because  the  most  clf'-ctive 
position  for  both  controls  is  near  the  wing  tips  ami  because 
larger-spun  lift  flaps  can  lie  employed  if  the  two  controls  are 
combined.  Such  an  arrangement,  called  elevons.  combini's 
the  design  requirements  of  both  aileron  and  elevator  in  one 
control  and  iiftroduces  additional  problems. 
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The  totnl  eflfective  deflection  ran^e  for  an  eleven  must  be 
the  sum  of  the  rnn<res  required  for  the  aileron  and  elevator. 
The  fact  that  the  neutral  position  of  the  eleven  may  be  at 
some  upward  deflection  when  it  is  functioning  a.s  au  aileron 
can  be  utilized  to  a certain  e.xtent  in  reducing  the  aileron 
stick  forces.  With  a large  static  margin,  however,  the  full 
aileron  deflection  used  with  the  large  upward  elevator 
ileflection  required  at  low  speed  may  produce  large  pitching 
moments  and  small  rolling  moments  because  the  upgoing 
eleven  may  stall.  In  order  to  im])rovo  this  con«lition  in 
some  designs,  the  use  of  an  auxiliary  longitudinal  trimming 
device  called  a pitch  flap  has  been  proposed.  The  piteh  flap 
is  kwated  outboard  of  the  aileron.  With  such  a device,  the 
lateral  control  could <be  obtained  at  low  spee<!s  b\  supplying 
most  of  the  trim  with  the  pitcli  flai)s  and  thereby  minimizing 
the  \ij)ward  deflection  of  the  clcvons.  The  elevens  then 
would  be  ileflected  as  ailerons  oyer  a greater  linear  range  of 
the  curve  of  rolling  moment  against  deflection. 

The  conditions  regulating  the  balance  of  on  eleven  for  a 
typical  large  tailless  airplane  arc  indicated  in  figure  1ft.  The 
linges  of  values  of  6’,,  and  C\^  that  satisfy  tlie  stipulate<l 
elevator  and  aileron  requirements  independently  were 
evaluated  by  the  methods  given  in  references  10  and  19. 
The  crosshutched  region  includes  all  values  of  C,,  and 
that  satisfy  simultaneously  the  stipulated  elevator  and 
aileron  reqliirements.  The  eleven  must  be  balanced  over  a 
much  larger  deflection  range  tlian  cither  tlie  elevator  or 
aileron  alone  and,  because  of  the  increased  deflection  range 
required,  greater  physical  limitations  are  imposed  concern- 
ing the  length  of  the  internal  balance  that  can  be  used.  The 
considerations  that  have  already  been  discussed  in  regard 
to  controlling  the  upfloating  tendency  of  the  elevator  with 
angle  of  attack  also  apply  to  the  elcvons. 


Trimming-tab  operation  of  clevons  differs  from  that  for 
ailerons  alone  in  that  the  tab  must  trim  the  hingi-  moment  of 
each  eleven  to  zero  when  it  is  desired  to  trim  the  airplane  in 
roll  in  order  to  jnevent  the  ilevelopment  of  elevator  stieje 
forces.  For  ailerons  alone,  it  is  es.sential  only  that  the  tab 
cause  one  aileron  hinge  moment  to  balance  that  of  the  other 

aileron.  ■ u i 

S«*ction  data  from  unpublished  tests  of  an  internally  bal- 
anced, beveled,  0.18c  elevon  with  0.25c,  tab  indicate  that  for 
angles  of  attack  up  to  the  stall  a full-elevon-span  tab 
deflected  ±20°  could  trim  to  zero  the  hinge  moment  of  an 
elevon  deflectetl  ±25°.  The  same  data,  however,  indicate 
that  little  if  any  additional  rolling  moment  can  be  produced 
by  deflecting  the  elevon  upward  beyond  25°  at  large  angles  of 
attack. 

DYNAMIC  8TABIUTT 

Damping  in  yawing.-  For  tailless  airplanes,  the  rotational 
damping  is  invariably  low  on  account  of  the  reduction  of  the 
tail  length.  A comparison  of  the  measured  damping- 
moment  coefficient  due  to  yawing  at  a lift  coefficient  of  0.00  for. 
various  tailless  airplanes  and  a conventional  airplane  is  given 
in  figure  20.  The  values  were  obtained  by  the  free-oscillation 
method  tl escribed  in  reference  20.  The  portion  of 
contributed  by. the  wings  con  be  estimated  from  the  data  in 
reference  21.  It  was  pointed  out  in  reference  1,  however, 
that  within  the  usual  limits  of  dihedral  and  directional  sta- 
bility the  damping  of  the  lalenil  oscillations  is  generally 
greater  than  would  be  indicated  from  only  the  damping  due 
to  vawing  velocity.  Subsequent  experience  in  fly  ing  tailless 
mc^els  in  the  I.4uigley  free-flight  tunnel  has  substantiated  this 
statement,  and  it  appears  that  the  small  values  of  the  damp- 
ing parameter  C,,  associated  with  tailless  airplanes  will  not 
be  excessively  detrimental  to  the  flying  qualities  provided 
the  directional  stability  of  the  airplane  is  adequate.  The 
damping  of  the  laterol  oscillations  is  likely  to  be  critical  in 
the  high-speed  conditions  because  both  and  the  coupling 
between  the  yawing  and  rolling  motion  tend  to  diminish  at 
the  low  angles  of  attack. 

On  account  of  the  low  values  of  associated  w ith  tailless 
airplanes,  some  apprehension  has  existed  concerning  the 
large  angles  of  sideslip  that  may  be  developed  when  the 
airplane  is  subjected  to  a disturbance  of  the  type  pioduced 
by  asymmetric  loss  of  thrust.  There  appi-ar  to  be  no  data 
pertaining  to  the  direct  effect  of  on  a sideslipping  motion 
of  this  type.  The  experience  acquired  in  flying  tailless- 
airplane  models  in  the  Langley  free-flight  tunnel  has  in- 
dicated that  the  effect  of  is  probably  secondary  to  other 
parameters.  The  results  presented  in  reference  15  indicate 
that  the  maximum  amplitude  of  the  sideslip  oscillation  is 
influenced  maVkcdly  by  the  rolling  moment  , due  to  the 
sideslip  and  particularly  by  the  yawing  moment  due  to 
the  sideslip  C.^.  Increasing  either  the  directional  stability 
or  the  diheilral  reduces  the  magnitude  of  the  sideslip  gener- 
ated by  a yawing  moment  but  the  greatest  reduction  in 
sideslip  appears  to  result  from  increasing  the  directional 
stability. 
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Spinning.— Tests  conducted  in  tlie  Langley  20-foot  free- 
spinning  tunnel  linvc  indicated  that  the  stendy-spin  charac- 
teristics of  tailless  airplanes  are  essentially  the  same  as  for 
conventional  airplanes.  The  control  manipulations  re- 
quired for  recovery  from  a steady  spin,  however,  have  been 
found  to  depend  on  the  typo  and  location  of  the  control 
surface  emi)loyed. 

For  tailless  airplanes  that  have  a vertical  tail  mounted  at 
the  rear  of  a fuselage,  the  ajiplication  of  rudder  control 
would  probably  affect  the  spin  in  a manner  similar  to  that 
for  a conventional  airplane  because  the  vertical  tail  is  not 
blanketed  by  the  wing.  If  the  vertical  tail  is  located  on  the 
rear  upper  surface  of  the  wing,  however,  the  rudder  control 
is  likely  to  be  ineffective  because  of  the  blanketing  effect  of 
the  wing. 

For  tailless  airplanes  that  have  vertical  tails  at  the  wing 
tips,  the  application  of  rudder  control  would  probably  be 
effective  for  spin  recovery,  particularly  if  the  rudder  extends 
below  the  wing.  For  tailless-airplane  designs  without  a 
fuselage,  spin  recovery  has  been  found  to  be  expeilited  by 
application  of  rolling  moments  against  the  spin.  The  ai- 
lerons therefore  should  be  moved  against  the  spin  for  best 
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recovery.  T1h>  moments  produced  by  trailing-edge  drag 
rudders*  in  the  stalled  range  of  angle  of  attack  may  he  con- 
siderably different  from  those  in  the  imstalled  range.  Some 
types  of  drag  rudder  have  been  found  to  produce  apprecia- 
ble pro-spin  rolling  moments  when  applied  against  the  spin 
and  therefore  are  not  effective  for  lecovery.  It  is  recom- 
mended. then-fore,  that  the  aerodynamic  eharaeteiisties  in 
yaw  for  different  rudder  dedections  of  tailless-airplane 
ill-signs  that  have  drag  ruddei-s  be  obtained  at  angles  of 
attack  bevond  the  stall  if  the  possibility  of  a spin  appeal's 
likely.  The  results  of  thi-se  tests  would  facilitate  the 
evaliiation  of  the  relative  merits  of  alternative  rudder 
designs.  For  a complete  iavestigntion  of  the  recovery 
characteristics,  spin  tests  of  the  model  are  usually  rerpnred. 

Tactical  ma*  euvers. — The  suitability  of  tailless  airplanes 
for  perfonning  actical  maneuvers  of  the  nature  required  for 
formation  flyiig,  bombing,  and  aerial  combat  has  been  the 
subject  of  frequent  discussion.  From  considerations  pre- 
viously discussed,  it  appears  that  adequate  directional 
stability  is  a neoes-snry  requirement  for  steadiness  and  ease  of 
control.  The  fact  that  the  lateral  resistance  associated  w ith 
tailless  airplanes  is  low  may  preclude  the  possibility  of  mak- 
ing flat  turns  with  the  rudder  alone.  At  the  present  tune, 
however,  little  information  is  available  concerning  the  influ- 
ence of  side  area  on  the  lateral  flying  qualities  of  tailless  air- 
planes. More  research  is  nci-ded  on  this  subject,  particularly 
in  regard  to  the  effects  produced  by  the  different  directional- 
control  devices  mentioned  in  this  paper. 

The  argument  has  been  advanced  that  a pilot  flying  a 
fighter  tailless  airplane  will  e.xperience  difficulty  in  keeping 
his  gunsight  alined  with  the  target.  It  is  believed  however 
that,  if  the  tailless  airplane  possesses  the  same  directional 
stability  and  dilicdral  characteristics  as  are  demanded  for 
conventional  airplanes,  the  controlled  motions  during  the 
normal  accelerated  maneuvers  should  not  differ  appreciably 
from  tliose  of  the  conventional  airplane. 

In  view  of  the  likelihood  that  the  successful  tailless- 
airplane  design  may  vet  have  lower  directional  stability  than 
conventional  airplanes,  the  effect  of  adverse  aileron  yaw  on 
the  pilot’s  aim  may  be  more  pronounced  ami  in  such  cases  a 
spring  cor.neclion  between  the  aileron  and  a trimming  tal  on 
the  rudder  may  be  necessary  in  order  to  satisfy  the  follov.  mg 
criterion : 

Such ‘an  arrangement  shpuld  improve  the  steadiness  of  flight. 

GENERAL  CONSIDERATIONS  OF  TAILLESS  AND 
CONVENTIONAL  AIRPLANES 

In  recent  years  opinion  has  been  divided  as  regards  the 
relative  adaptability  of  tailless  and  conventional  airphmes 
for  both  fighter  and  bomber  airplanes  as  evidenced  by  the 
variety  of  designs  that  have  appeared.  Some  observations 
concerning  the  relative  merits  of  tailless  and  convent  .onal 
designs  arc  offered  here  from  consideration  of  the  stabi.ity 
and  control  problems  that  have  been  discussed. 
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Small  airplanes. — On  account  of  the  thin  wing  sections 
'required  for  high  speed,  the  volume  enclose<l  hy  the  wings 
of  a sinull  airplane  is  not  large  enough  to  carry  all  tlie  load; 
consequently,  it  is  necessary  on  small  airplanes  of  either  the 
tailless  or  conventional  type  to  incorporate  a fuselage  or 
some  other  load-carrying  element.  It  ajipears  also  that  a 
vertical  tail  is  necessary  for  directional  stability.  The  differ- 
ence between  a small  tailless  aii'plam'  and  a small  conven- 
tional airplane,  therefore,  is  essentially  due  to  the  suppres- 
sion of  a liorizontal  tail  as  a means  of  obtaining  longitudinal 
stability  and  control.  If  the  conventional  airplane  were 
permitted  a reduction  in  maximum  lift  comparable  with 
that  tolerated  on  tailless  airplanes,  the  tail  size  could  be 
reduced  considerably.  With  the  small  horizontal  tail  then 
allowable,  the  conventional  airplane  might  have  a perform- 
ance compaiable  with  that  usually  claimed  for  tailless  air- 
planes without  the  restrictions  attached  to  the  longitudinal 
control. 

Large  airplanes. — For  large  airiilanes  having  spans  of  150 
to  500  feet,  the  volume  of  the  wing  (done  may  be  sufficient 
to  enclose  tnilk  or  weight  of  an  appreciable  magnitude  even 
with  the  thin  wing  sections  require<l  for  high  speed.  There 
is  little  reason  to  suspect  that  conventional  airplanes  of 
(iqual  span  will  have  any  less  wing  space  available  for  cargo 
purposes  than  tailless  airplanes.  It  appears,  therefore,  that 
the  sujjpression  of  the  fuselage  ns  a lond-carrj’ing  element  is 
primarily  a matter  of  airplane  size  rather  than  of  type. 

In  spite  of  the  suppression  of  the  fuselage,  however,  a 
vertical  tail  may  be  necessary  on  any  large  airplane,  partic- 
ularly on  bombers,  if  optimum  directional  stability  and  con- 
trol are  to  be  obtained.  Some  method  must  also  be  provided 
for  obtaining  longitudinal  control.  Whether  the  longi- 
tudinal control  is  obtained  by  elevons  or  by  a horizontal  tail 
located  on  a tail  boom  would  seem  to  have  a secondary 
influence  on  the  ultimate  performance  to  be  expected.  On 
the  basis  of  the  present  knowledge  of  the  stability  and  con- 
trol characteristics  of  tailless  airplanes,  it  appears  desirable 
to  make  a comprehensive  study  of  the  comparative  perform- 
ance to  be  expected  from  tailless  and  conventional  airplanes 
before  proceeding  further  with  stability  and  control  studies. 


Langley  Memorial  Aeronautical  Laboratory, 
National  Advisory  Committee  for  Aeronautics, 
Langley  Field,  Va.,  Avgust  19, 
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I - LONGITUDINAL  STABILITY  AND  CONTROL 


CHARACTERISTICS 

By  C,-  J.  Donlan,  W.  B.  Kemp, 
and  E.  C.  Polhamus 


SUMMARY 


Tests  were  made  in  the  Langley  5OO  mile-ner'^hour • ■ 

7-  by  lO-foot  .'tunnel  of  a lA-acale  model  of  the  Bell"  XS-1 
transonic- airplane  t Army  Project  MX-653  ) ■ determine  its 

low-speed  longitudinal  stability  and  control  character- 
istics. Pertinent  longitudinal  flying ; qualities  expected 
of  the  XS-1  research  airplane  have  been  estimated  from 
the  results  of  these,  tests  including  estimated,  effects 
of  compressibility  likely  to  be  encountered  ,at  speeds 
belowythe  force  break. 

It  appears  that  the  static  longitudinal  stability 
and  elevator-control  po'wer.  will  be  adequate,  but  that  the 
elevator  control-force  gradient  in  steady  flight  will  be 
undesirably  low  for  all  conflgu.rations , The  control-force 
gradient  in  maneuvers  will  be  below ^ the  required  minimum 
of  5 pounds  per  g for  ail  "wlpg. loadings  below  90  pounds 
per  square  foot. 

It  is  suggested  that  a centering  spring  be  incorpo- 
rated in  the  elevatop  control  system,  of  the  . airplane  in 
order  to  increase  the'  control-force  gradient  in  steady 
flight  and  in  maneuvers. 
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INTRODUCTHaN 

This  report  contains  the  results  of 
stahllity  and  control  ihvestigation  cpndu^J^ted  a^the 
request  of  the  Air  Technical  Service  ooiranana.  Am/  Air 

Forces,  on  unpowered  l/lq-scale  model  ^ ^ ^ 

transonic  alr^plane.  Results  of  a lateral  .stability  an^ 
control  invasttgatipA,.,Qn-the  same  model  will  te  preoentcd 
in  a subsequent  report. 

s'-  /-I  1 ‘ , 

The  results  pertain  only  to  the  tests  of  the  basic 
configuration, -without  simulation’  of  the  rocket  propulsive 
system  contemplated  for  this  airplane. 

For  the  evaluation  of  the  longi tu.dinal  stability  and 
control  characteristics,  the  investigation  ^ 

stabilizer-  and  elevator-effectiveness  tests,  elevator 

hinge-moment  tests  over  an  angle-of -attack  range  for 
cruising  and  landing  configurations.  Tests 
to  determine  the  spoiler  characteristics 

landing  and  cruising  configurations.  „ 

resultsofor  -thP;  ,wing  alone,  the 

without  empennage;,,,  stall  patterns  obtained  by  means  of 
silk  tuf ts-at-tached  to_  the  surface  of  the  model, .^^nd  . 
pres.sure  difS'tribp.tiOhs  •.  • - ,- 

An  analysis  df,  the  pertinent  long! tiidihai;  flying- - 
qualities  for  ‘steady  flight,  and  maneuvers  is  -also  pre^ 
sented.  , . .,-1  , 


;yMSQLS 


The  -.system  of  axes',  used  for'^tbd' presentation 'of  ■ th$' 
data- together  with  an  indication ,Qf- the  sens©  ©r  the  * 
positive  forces  and.  moments  is  pr0’sented  In  ligure  ±. 
pertinent  symbols  are  defined  as  ibllbws; 

Cl  : lif  t , coef f ioient  (Lif.t/qS).  _ 

cj-':  .section  Ilf t‘:caeffic^  J^btion 

drag  coefficient  (Drag/qS) 

0^  pitching-moment  coefficient  (Mcg/l^c) 
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hlnge-mbffient  coefficient 

resultant  force  coefficient  (Resultant  force/qS) 
pitching  moment  about  center  of  gravity 
hinge  moment 

dynamic  pressure,  pounds  per  square  foot 
.mass  density  of  air,  slugs  per  cubic  foot 
..f(ree-stream  velocity,  feet  per  second 
wing  area,  square  feet 

t * « . . 

section' ‘chord,  feet'  - 

wing,  mean  aerodynamic  chord,  feet 

v/ing  spa^,  feet 

control-surface  span  along  hip^e . .line,  feet 

root-mean- square  chord,  of  elevator  back  of 
hinge  line,  feet 

angle  of  attack  of  fuselage  center  line, 
degrees 

angle  of  dowmvash,  degrees 

stabiliser  setting  with  ref^prence  to.  fuselage 
center  line,  degrees 

control- surface  deflection  wl th  ref erence  to 
fixed  surface,  degrees  r.. 

angle  between  the  chord. of  •.  spo.iler  and  upper 
surface  of  wing 

^ stabilizer  and  elevator  angles,  respectively, 
cbrrespondingv'to  neutral,  position  of 
centering  spring 

blocking,  correction  factor' 
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compressibility  factor 


angle  of  climb,  degrees 
Mach  number 

free-stream  Mach  number  in-  tunnel 
presaure  coefficient,  (P  - Pq)/^ 

local  static  'pressure,  pounds  per  square  foot 

free-stream  static  pressure,  pounds  per  square 
foot  ■;  . 

elevator  control-fo-r.ee  gradient  in  maneuvers, 
pounds  per  g 

normal  acceleration  of  airplane  in  terns  of  g 
acceleration  due  to  gravity,  J2.2  feet  per 

p 

..■secon.d^ 


■welght>,  pounds 


Subscripts* 


e levato  r 
flap 


stabilizer 


spoiler 


critical 


f 


■measuried  valu,e 
corrected  value 

denote  partd.ai.  derivative  ^©f-,a-,-ppe;fficlent  with 
^ ' ‘ ^ 

respect  to  6e,  it/  Example:  Cmi^ 
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MODEL  AND  APPARATUS 


The  Bell  XS-1  airplane  la  a rocket-propelled  airplane 
having  the  physical  characteristics  tabulated  In  table  I. 

The  operation  of  this  airplane  is  characterized  by  extreme 
variations  In  speed,  loading,  and  altitude.  The  airplane 
employs  an  irreversable  power-driven  stabilizer  which  is 
controlled  by  the  pilot. 

The  l/i;-scale  model  is  shown  mounted  in  the  Langley 
500-mlle-per-hour  7“  by  10-foot  tunnel  in  figures  2 ^ 

and  5 and  a three-view  drav/ing  of  the  model  as  tested  is 
presented  in  figure  I4..  Details  of  tl^e  horizontal- tail 
assembly  are  presented  in  figure  5* 

The  Bell  Aircraft  Corporation  supplied  .the  model 
which  was  constructed  of  wood  attached  to  metal  reinforcing 
members  with  cycle-weld  cement  except  for  the  all-metal 
control  surfaces.  The  elevator,  rudder,  and  flaps  were 
20-oercent  plain  flaps,  and  the -:ailerons  were  15-percent 
plain  flaps.  All  controls  were' "flat -sided  from  the  hinge 
line  to  the.  trailing  edge.-  The  spoiler  was  located  at 
the  3^~P®^*^®^'t'"*^bord  line  of  the  wing,  hinged  at  its 
leading  edge,  and  had  a chord  of  J>/h-  inch. 

Specific  model  configurations  referred  to  in  the 
text  are  as  follows: 

(a)  High-speed  configuration  . 

Flaps  retracted 
Landing  gear  retracted 

(b)  Landing  configuration 

Flaps  deflected  60° 

Landing  gear  extended 

Other  configurations  tested  are ■ described  where  encountered. 

For  all  testa  all  flap  and  control-surface  gaps  were 
sealed  with  tape.  For  the  hlnge-moraent  measurements  the 
elevator  gaps  were  sealed  by  attaching  the  tape  to  the 
stabilizer  on  the  positive  pressure  side  and  allowing  the 
pressure  to  force  the  tape  against . the;  elevator,  thereby 
eliminating  flow  through  the.  gap.  Since  ;the  airplane  is 
to  be  a research  airplane.  It  may  or  may  not  have  sealed 
gaps  for  any  given  flight. 
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The  strain-gage  equipment  used  f.or  measuring  hinge 
moments  was  supplied  and-  installed  by  the  NACA.  The 
pressure  orifices  used  in  the  pressure-distribution  tests 
were  installed  by  the  Bell  Aircraft  Corporation. 

The  tests  were ' Conducted  in' the  Langley  5 00 -mi le- 
per-hour 7”  Ly  10-fo'qt  tunnel.  This  is-  a-;  closed  rectan- 
gular tunnel  of  the  heturn-flow  type  with  a-  contraction  ■ 
ratio  of  ll;.  and  is  powered  by  a loOO-horsepower  synchro nou 
motor. 


■'TESTS  AND  RESULTS 
Tdst ' Conditions 


Tests  in  the  high-speed  configuration  were  run  at 
dynai.-ii c pressures  of  88. Ii  and  l65«6  pounds  per  square 
foot..  Tests  in  the  landing  configuration  with  and  without 
empenn.age_  >vere  run  at  a dynamic  pressure  of  pounds 

per  square- foot . Pressure  distributions  were,  obtained  at 
a dynamic  pressure  of  55 pounds  per  square  foot.-  The  ^ 
corresponding-  apphoxitnate  values,  of  Mach  number ' and 
Reynolds  number '(based  on  a chord  of  l.BOE^ieetb  were  as 
follows  • • ■ . . : . 


q 

Mach  number 


Reynolds  number,.,  millions 

I 35.5 

0.15 

1.18 

i 

• 20. 

1.52 

8b.  y. 

.25 

I.9U 

165.^ 

.55 



2.69 

- " ■ ■ — • ' ■ 1 - - 

The  Reynolds  number  was  cbmpu'Hed-  using  a turbulence 
^aetor  of  unity  ....The  degree  of  turbulence  of  the  tunnel 
is  not  known  quantitatively  bu't  is 'believed  to  be  small 
because  of  the  high  contraction  ratio . 


' .Cpr  r e c t iphs;  '■ 

:A11  data  have;  been  corrected  for ''’tarbs  caused  by  the 
model-support  struts.  Jet-boundary  cb.rrections  were  com- 
puted as  follows  (reference  i);  ' 
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a = ajyj  + 0 .88CL] 


'M 


Cd  = + .0.0128CLjvj2 

For  flaps  undeflectedt 


Cm  = Cm^  + 0.0203c I 


For  flaps  deflected: 

Cm  - Cmj^^  + 0.02li|Ci^ 

, All  forcie  and  moment  coemclents  were  corrected  for 
blocking  by  the  following  equation  obtained  from  refer- 
ence 2. 


where 


Ccor  = Cm  |l  - (2  - Mo^)] 

^ '^ofusel^e 

0.00115 


Owing 


G, 


_ 0. 00623^ 

ofuselage  “ 


An  increment  in  drag  coefficient  .of  0. 00275,. )aas  been 
added  to  account  for  the  horizontal  buoyancy 
the -longitudinal  3 tati-c- -iJJ^^ure  gradient  in  the  tunnel. 

Presentation  of.. .Results 

An  outline  of  the  figures  presenting  the  results  is 
given  below: 
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I.  Aerodynamic  characteristics 


II 


Figure  no 


A. 

Stabilizer  tests 

6 

to 

8 

B. 

Elevator  teste 

9 

to 

10 

C. 

Effect  of  flap  deflection 

11 

D. 

Stalling  characteristics 

12 

to 

1 — 1 

E . 

Downwash  at  tall  • • 

15 

P. 

Spoiler  tests 

16 

to 

20 

G • 

Pressure  distribution 

21 

to 

27 

H. 

Critical  Mach  numbers 

28 

Stability  and  control  characteristics 

A 

. Static  longitudinal  stability 

20 

to 

3 

...Control  forces  in  accelerated  flight 

3k 

to 

58 

A*  ' ■; 

, <:i 

DISCUSSION 

Aerodynamic  Characteristics 


Lift  and  stalling  characteristics.-  The  lift  charac- 
ter! s'UTcT~^re¥enFeTTn'TTguresnrTo~TI:  a summarized  in 
the  following  tablet"  ' ' 


•bf  =•  500 

(trimmed) 

0.88 

1.10 

i.iii 

Ct 

Ea 

.089 

.081 

.061 

A C L ( due  to  f lap  s ) 

at'ijrlinmed 

.22 

' ' .26  • 

at  untrimmed  a = 0° 

.58  • ■ 

.i.^9 

Reynolds  number,  millions 
^ ’ 

i>9i«-  . . 

1.9^^- 

1.18 

With  flaps  neutral,  the  raodei  exhibited  a center- 
section  stall  which  progressed  outward  gradually  and 
symmetrically  as  the  angle  of  attack  v/as  Increased 
(fig.  13).  A similar  stall  progression  was  observed  on 
the  isolated  wing  (fig.  12).  The  gradual  stall  progression 
for  this  configuration  is  characterized  by  the  "flap-top" 
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lift  curve -obtained  in  the,  f laps-neiitral  conf-i^ratlon. 
With  flapa-'  deflected,  the  initial  3ta].l  occurred  over  the 
inboard  sections  but  the  stall  spreadihg  Was  somewhat  more 
raoid  than  with  flaps  neutral,  (fig.  lii).  With  the  sta- 
bilizer set  -at  0°,  the  horizontal  tail  remained  unstalled, 
with  or  withcUt  flaps  deflected,  up  to  an  angle  of  attack 
of  about  .-  • . ' : 

Horizontal-ttail  characteristics  .-  Mean  values 
describing  'the  ef f’ectivenes.s /of  the  stabilizer  and  ele- 
vator are-  tabulated  belowt, 


^''"'\Par  ame  t er 

6c„, 

ra 

6at 

.a  Eh! 

Condition 

dlt 

l^lll 

6 at 

d6e 

O ‘ 

o 

II 

lO 

-0.055 

-0.0170 

0.1+86 

-o.ooaii- 

-0.0101+ 

• 

6f  = 6o° 

-.033 

L . , ■ . . .1 

-.0175 

.550' 

— . 0026 

- .0106 

The  values^  q^iipted  for  Cha,j.’  wer'e  obtained  f r<m 

figure  l8  and  .'probably  are,  associated  with  the  conditions 
for  which  transition  from  a laminar  to  a turbulent 'boundary 
layer  occurs  at  some  rearward  position  along  the  chord-. 

No  fixed  transition  tests  were  mad®  to  substantiate  this 
contention  but  it  would  appear,  for  example,  that  the 
sudden ‘increase  in  elevator  hinge-moment  coefficient  in 
figure '6 -for  .it  = 5°  at.  Cl  = O.J,  or  the  corresponding 
increase  at-  at  — 2P  in  figure  8 is  typical  of  the 
effects ’pro duced  on  the  hinge-moment  characteristics  of 
a OOntrol  surface  by-  a sudden  forward  shift  in. the.  trUrtsi- 
tiqhVpdint.  Unfortunately,  hinge-moment,, data  were  not.' • 
tai^en  at  ‘ enough  lift  coefficients  to  establish  similar 
regimes  of  critical  hinge -moment:  behavior  .,f  of . other  sta- 
bilizer'settings  . .i.  . 

' D6)jy'nwa3h-  at  tail'.  - ■ The-  average-  do.wnwash  .angles  at 
the  bail  have  ' been  deteilnined.'T^'oh  ' the 'to s t f 
anb  'are ''presented  ’ in-. f igurje  ^9  - pP 

together  with'  the-  festimate'd  idowrkwapjb  angles  .for  .the  vfing 

alone  as'-  estimated  'f-roni- the  . .cha^fci3c-P.f.;  ref  e-rence.-.J  ^hd 

'opr rp.c t ^'d f ar'- ; ^-Ati-t'he-i.-fuae'l^O  :^gl,e  of  attack 
c or  re  s poh'dl  tig  • to  ‘ k e'rb ' -lifi  ■> ; rf -lap  s.  ;.the-  ..d-ownwa  s h angle 

determined  from'  the  stabilizer  tests  is  over  2 . The 

‘‘  * ' * .■  * . • * 
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estinjatecJ  valiAes  tpr-th^-wlng  alone  Indicate  that -t^ere 
Is  only  0.2° /r4Qwnwash;i^tv; zero  lift.  Therefore,  the  2*°  - ^ 
determined  from  .stia^il^  tests  (Cl  = OJ  may  he  cauadd 
by „the ifuselage.  ,'5'he  potential  flov/  about  a streamline 
body  of  r-eyo.lution  resembling  the  fuselage  of  the  XS-1  is 
given  in  reference  i\.,  : By  superimposing  on  the  body  of 
revolution  a horizontal  tail,  similar  to  thab  on  the  XS-lj 
the  average  downwash,  weighted  on  the  basis  of  cho-rd,  was 
calculated  : to  be-  about  1.8°  .at  zero  angle -of  ,§jt tack . On- 
the  basis.. of ^ this.  resuT-tr  it  appears,  therefore,  that  the 
downwash  angle  of  2°  found  at  zero  lift,  on  the  model  with 
flaps  up  was  very  likely  caused  by  the  flow  around  the 
fuselage.,..  The.  agreement  was  not  quite  so  good  for* '.the  ; : 
f^apsjrdoiwn  cpndition>.  probably  because  no  accoUht  was 
taken- of i wing— fuselage  interference  on  the  flow  around ^ 
the.  kf  ter  portion;  of  the  fuselage,  . 'I'Lll. L' 

y 

Spoiler  .characteristics:.-  Inasmuch  as  the  spoilers 
on  this  airplane  are"  intended  to  control  the  glide-path 
angle,  the  effect  of  the • spoilers  on  the  lift-drag  ratio 
for  the  landing,  configuration  has  been  evaluated  and  is 
presented  in  figure  20.  These  data  are  for  untrimmed 
condition^  but  the  relative  significance  of.  the  .da.be- 
should  be  unaltered.  ' ^ it  appears that  an  appreciable 
reduction,  in  .the; lift- drag  ratio  is  bbtainbd  ohly  .for 
large  spoiler  fdef lections  (60°  or  more-)  at  llfb  coeffi- 
cients aboy^.,:0'.?.5,;  For  this  case  the  makim^'  f delict  ion 
in  lift^drag;  ra.tio  corresponds  to  a steepening  df  the 
gllde-ps^thi^angle ffrom  10.5°  to  15.5°* 

It  appeared. from  visual  observations  of  tufts  that, 
for  small  spoiler  deflections  (50°).  at  all  angles  of 
attack , and  for  large  spoiler  deflections  at  small  angle'i^ 
of  attack,  the  spoilers  caused  a smoother  flow  over>*-tRe  • / 
f lap  ..tfiko  was  observed  without  spoilers.'  . ;At  'large -spo  Her' 
deflections,  increasing  .the.  lift  coefficient  .abo-ve  ■Q.7'5  ' ' 
caused 'a  sudden  separation  pf...  .the  .fjloW  over  the'  flap,  _ 
thereby  giving  rise  to  the  rather  irregular  variation’  of 
lift  coefficient  and  pitching  moments  associated  with 
large  spoiler  def lections., i-n  the,  ilanding  configuration . . 

Pressure  distribution.-  The  Ipaatiojns  of  - the  pressure 
orifices  are  shown  in  figure  21.;-.  ThOi  ;fuselage  pressure 
distributions  are  presented.,  in  figuroni '22.  through  26,  . and 
the  wing  pressure  distribu.t ions,  are; 'presented  in  figure  Z] . 
These  pressure  distributions.,  Wfrp:'  primarily  to.  provide 
data  for  structural  design  and,  ai.t.hough  they  may  be  suffi- 
cient for  that  purpose,  insufficient  points  were  taken  to 
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predict  accurately  the  critical  Mach  number  of  the  wing. 
According  to  the  data,  the  maximum,  low-speed  pressure 
coefficient,  at  an  angle  of  attack  of  0.1°  (0^  = O.I9), 

corresponds  to  a critical  Mach  number  of  O.67  which  is 
rather  low  compared  to  the  anticipated  section  value  of  O.7I)-. 
Part  of  this  difference  in  critical  Mach  number  may 
possibly  be  attributed  to  the  fact  that,  when  the  wing  lift 
coefficient  is  Q.I9,  the  section' lift  coefficient  near  the 
hoot  is  greater  than‘0.19  because  of  the  wing  washout  and 
wing-fuselage  interference.  For  these  reasons-,:  it  appeared 
desirable  to  prepare!  figure  28  Ih  which  are  presented  the 
theoretical  critloar  Mach  number  curve  as  evaluated  from 
reference  5,.- -and  the  force  break  curve  as  estimated  from 
actual'  lift  force  break  data  as  presented  in  reference  6-. 

The.,  ds.tlmalped  fprce  break  . ctLT.ye.  presented  in  figure  28 
reph'e sent 3 -t-he  - limit  to  which  the  methods • of 

correcting  low  Mach  number  wind-tunnel  data  can  be  applied. 

This ^estimate  agrees  qualitatively  with  the  data  in  refer-  •'*  " 
eucft  7.  in  that  the  limiting  curve  is  in  the  region  where 
the  /first  large  changes  in  trim  lift  coeff  iplent.  with  ' ‘ 

Mach  "number  were  observed. 

and  s tA cs 

3^a^i€  iong'itudinal '■  3 tabillty .4  The  stick.-flxed  and 
stidk'rinee : neutr  points  for  both  the!  cruising  and  landing 
coiif Iguratiqns  ate.  presented  in  figure, 29  and,  on  the  basis 
of  .low  Mach  number  tests,  it  appears  that  the  statl’C 
lohgibv^drn^  stabijlty  Is  adequajte,. . ,’The,  average  static 
Margins,  ,f/Or  these  conditions  are  "j/r .e'.se nitre d in  the'  following 
•Htable:,-',, ,',i  ' . 


flight,i'-a  more  that ijabl'da'-'f any  flight 
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attitude  is  —2:.  . Siiide  ■ equals  x cos  Y,  the 

dCR  ;■  <3Cr  QOl 

static  margin'  for  any  "given  angle  of  climb  may  be  obtalnea 

by  multiplying  the,,  static  margins  ) presented  in  the 

preceding  table  by  pbS  y if  speeds  (M  - 0.55) 
negligible  power  effects  are  assumed.  • . 

Inasmuch;  43,,  bill  mb  angles  of  14.5°  are  expected  for 
this  alrplaine, , ..the  iThduotion  in  .stability  due  to  climb 
may  be  appi^oqiabie  and  should  not  be  overlooked. 

'Elevator  control;  in  steady  flight.-  The‘  variation,  of 
elevatoE- control  force  with  s.peed  for  dlf. ffireht.j^^y/itig  ^ " 
loadings  and  flap  configurations  is  presen'tped.  in  f.ig^b 
No  allowance  was  made  in  these  particular  computations' for 
compressibility  effects,  but  it  is  believed  .that  the  ' ‘ 

magnitude  indicated,  will  reflect  the  characteristics  of 
the  airplane  up  tp  . the  force  break  (fig.  28-)  . The 
influence  of  the  ground  was  estimated  by  the  method  of-^ 
reference  8.  It  appears  that  the  static  longitudinal 
stability  and  elevator-control  power  are  adequate,  but  • 
that  the  iPPptrol-fo.rce  gradient  in  steady  flight 

is  undesirably  * iow  'fdh  all  configurations . _,-.,lpasnuch  as 
an' unbalanp^dt ©l.sys-tor  i^^  employed,  the  low  control  forces 
can;  b® , ab.trifcu;ie.d ' to'  thbhunusually.  simail  sise  of the  ele- 
vators ,.;,The:  . low"  control  forces  are- paftlbuh!^r^.v;''^.h-^j6  0“ 
ti enable,  in.  th®  landing  condition  ( fig.. ^^•50^(c') ) where 
a mo  derate. .ayipunt  of  friction  in  the.;  control  .s!yst pm  would 
probably', mask  'all  sense  of  control  f-eel;.  ihasmubh  a's  the 
stick  travel  required  to  triir.  the  airplane  tl^o.ugitout  the 
speed  range  is  also  small  (approx.  1 in.),  it  would  aippear 
very ‘desirable  to  increase  the  elevator  control-fprdb 
gradient,  in  3tea.dy  flight.  •- 

...  - * * i V /i  X* 

Elevator  cbhtro 1 in  st^a4y: flight  wfth  centering 
spring.-  I t lS~sugg®3 ted  that ,a. sense  or control  fePl 
could  be  provided  by  incorporating  in  the  elevator  control 
system  a centering  spring.  Such  a spring  would  supply  a 
hinge  moment  proportional  to  the  elev.ator  deflection  from 
its  neutral  po  sit  ion  ..with  spring  attached,  and  .thus  would 
effectively  increase  the  magnitude  of’  the  restbrlng  param- 
eter, Ch5*  (However,  inasmuch  as  the  spring  supplies 

a constant  hlrige '''radment  for •:a,;.gi’yen  .^htrpl  deflection, 
the  hinge-moment  coefficient  will  de^^prftase  .wl bh  increasing 
speed.)  The  ^spring  could  bp,.., ^.ftached  either  to  the  sta- 
bilizer or  to  the  fuselage , ‘as ' Illustrated  schematically 
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for  the  l^Sii  wing  loading,  conditxon  with^^  position 

For  this  application . (x  ig • 3^)  ( ) ,,  Q-t-abilizer 

o?  the  elevStor  with  a spring  to  the  staMllzer 

was  adjusted  to  provide  zero  for  toe  elo- 

for  which  zero  ‘=«oK  tor=e  had  been  attained 
vator  without  the  spring,  and  (2)  the  he 

was  dictated  by  the  requirement  deflection 

?:qu??e7 f rr  :ini^u^°  spee““The  letter  requirement  was 

rJ;fci\VLo\ri!§%:LL-pf  deSej 
i^:dfnroo^n?igi^;rtirn;is\;iU^^^^^^^ 

:tohruzL^?rt?ihl°1:«rerri— elrplane 

hL  an  adjustable^tablllzer  the  sprlng^n^^^ 

adjusted  for  trim  in  ^^Sh-speed  flig  , ranse.  The 

adjusted  to  provide  trim  J^^torL^girLceeaa 

variation  of  stabilizer  angle  lif t coef- 

to  produce  zero  stick  force  ^ndj:riin  at  various 

ficients  for  two  wing  loadings  zx.  por  both 

ments  shown  in  figure  31  Is  Sl^®  aHiusted  to  produce  trim 
arrangements,  the  stabilizer  O.lZll. 

"cra:“tL^:rni:r:rrLfi^^ 
rtSh?zSJ^‘^!fil°rifa)l!  rraSe^tirrierable. 

Elevator  control  in  tutor 

of  the  elevator  hinge-moment  parame  illustrated  in 

contrcl-force  gra^tont  in  m_ 

sq  fit  ^ 

the  parameters  from  the  wlnd-tunn  1 o-rcf^r'i-  nf  the 

o^the  diagram  along  with  the  aatlmated  effect^of 

small  mass-balancing  horns  ^ ^ effects'df 

included  in  figure  3k  °nts  afbaLd.  on  the 

Mach  number  on  the  stick-force  Sradients,  as  baoea 

theoretical  Mach  number  effects  g assumed 

(determined  by  use  of  reference  9)  and  on  an  assumea 
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forward  shift  of  the  neutral' point  of  j percent  mean  aero- 
dynamic chord  which  could  be  caused  by  the  effects  of 
compressibility  on  the  wing  and  tail  lift-curve  slope, 
and  on  the  downv/ash  behind  the  wing,.  Although  the  theo- 
retical effect  of  compressibility  on  the  slope  of  the  lift 
curve  agrees  well  with  available  experimental  data,  the’ 
experimental  variation  of  hinge-moment  parameters  with 
Mach  number  is  apparently  affected  in  a manner  not  known 
at  present,  and  hence  by  factors  not  considered"  in  the 
present  theory.  . Experimental  effects  of  Mach  number  have 
shown  the  variation  to  be  smaller  and  sometimes  in  the 
opposite  direction  from  that  predicted  by  theory,  and  it 
13  believed, ‘ therefore,  that  the  variation , used  here 
indicates  a somewhat  larger  reduction  in  stick-force 
gradient  with  speed  than  may  l?e  experienced  in  flight. 

It  is  pertinent,  however,  to  note  that  variations  in 
hinge-moment  oarameters  have  very  little  effect  on  the 
stick-force  gradients  for  this  design  (fig.  3^)*  It  is 
recognized  that  the  forward  movement  of  the  neutral  point 
with  Mach  number  in  flight  (below  the  force  break  speed) 
may  be  less  than  that  assumed  in  this  calculation,  but 
the  present  computations  probably  represent  the  minimum 
stick  forces  that  v^ould  be  encountered  at  this  Mach  number. 
The  estimated  values  of  the  hinge-moment  parameters  for 
a Mach  number  of  0.75  ^re  also  Indicated  on  the  curves. 

The  Influence  of  wing  loading  and  altitude  on  the  ele- 
vator control-force  gradient  is  illustrated  in  figure  ^6, 
and  the  effect  of  center-of-gravi ty  position  is  shown  in 
figiire  57*  The  extremely  low  control-force  gradient  - of 
the  order  of  1 pound  per  g - with  a wing  loading  of 
35  pounds  per  squai-o  foot  should  be  noted.  The  "subsonic 
compressibility  effects  observed  in  figure  55  would  result 
in  an  even  smaller  gradient  at  high  speeds.  This  condi- 
tion is  particularly  objectionable  because  of  the  small 
amount  of  elevator  required  to  produce  high  accelerations 
at  high  speeds  (fig.  37)* 

Elevator  control  Ih  accelerated  flight  with  centering 
spring.-  The  effe ct  on  the  control-force  gradient,  in 
maneuvers,  of  the  centering  spring  previously  dis- 
cussed (fig.  31(a))  depends  on  dynamic  pressure 
in  the  manner  illustrated  in  figure  ^6.  For  flight  at  a 
specific  dynamic  pressure,  the  values  of  Pn  given  in 
this  figure  can  be  added  directly  to  the  control-force 
gradients  presented  in  figure  36.  As  an  example,  the 
effect  of  the  spring  on  the  control-force  gradient  at 
sea  level  and  at  ^^,000  feet  has  been  computed  for  a 
speed  of  572  miles  per  hour,  and  the  results  presented  in 
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figure  56,,  In  order  to^  ahbw  th'^  fflagnitud^  the  varia- 
tion of  the  contr'ol'-fbrciei' 'gradieht  with  speed,  the  varia- 
tion has  been  computed  for  flight  at  sea  level  for  a wing 
loading  of  10i|.  pounds  per  square  foot,  aend  the  results 
are  given  in  figure  5'2*  The  large’ values-  of  the  control- 
force  gradient  in  maheuvers  at  the  lows  peeds  need  not  be 
troublesome  Inasmuch  as  the  maijcimum  load*^ factor  that  can 
be  developed  at  these  speeds  is  small.  On  the  other  hand, 
the  Increments  in  the  control-force  gradient  provided  at 
the  high  speeds  are  very  desirable.  It  will  be  noted, 
however,  that  at  the  lowest  wing  loadings  apt  to  be 
encountered,  the  control-force  grachent  at  high  speeds, 
even  with  a spring  In  the  system,  will  probably  be  of  the 
order  of  the  minimum  acceptable  value  of  5 pounds  per  g, 
so  that  it  is’  essential  that  friction  on  the  control 
system  be  kppt  a minimum. 


CONCIIJ  SIGNS 


Based  on  low-speed  wind-tunnel  tests  of  a l/ij.-scale 
model  the  following  conclusions  regarding  the  longitudinal 
stability  and  control  of  the  Bell  XS-1  transonic  airplane 
have  been  reached. 

1.  The  static  margin  is  expected-  to  be  adequate  for 
all  level-flight  conditions. 

2.  The  elevator : control-force  gradient  in- steady 
flight  will  be  undesirably  low  for  all  configurations. 

5.  The  control-force  gradient  in  maneuvers  will  be 
below  the  required  minimum  of  5 pounds  per  g for  all  wing 
loadings  below  90  pounds  per  square  foot. 

ij-.  It  is  suggested  that  a centering  spring  be 
incorporated  in  the  elevator  control  system  of  the  air- 
plane in  order  to  increase  the  control-force  gradient  in 
steady  flight  and  in  maneuvers. 
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5.  The. spoilers  will  be  Ineffective  in  controlling 
the  glide  path  angle  for  spoiler-  deflections  .less  than  60°  . 


Langley  Memoria;!  Aeronautical-  Laboratory 

National  ^i.dviso,ry  Cdramlttee  for -Aeronautics 
Langiey  Field,  Va. 
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Char le  s^J . Do  nlan 
Aeronautical  Engineer 
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William  B.  Kemp,  Jr. 
Aeronautical  Engineer 


Edward  C.  Polhamus 
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TABLE  I 

PHYSICAL  CHARACTERISTICS  OF  THE  XS-1  RESEARCH  AIRPLANE 


Power : 

Pour  rocket  units  grouped  in  rear  of  fuselage,  each 
capa'Dle  of  delivering  15OO  pounds  thrust. 

Wing  loading; 

Take-off,  Ib/sq  ft 
Landing,  Ib/sq  ft 

Center-of -gravity  position  (all  conditions), 

percent  M . A ^5 


vVlng; 

Area,  sq  f t 

Span,  ft 

Mean  aerodynaiulc  chord,  in , 

Aspect  ratio * * * 

Root  and  tip  sections o5l-110 

Setting  (root  chord  to  thrust  line), deg  . . 
Setting  {tip  chord  to  thrust  line),  deg  . . 
Flap  chord,  nercent  wing  chord 


. . 130 

...  28 

. 57-71 

...  o 

(a  = 1.0) 

. . 2.5 
. . 1.5 
...  20 


Aileron; 

Area  (one  aileron)  behind  hinge  line,  sq  ft  . . . 5*i5 

SpAn,  ft 5-0 

Chord,  percent  wing  chord 

Root-meJin- square  chord,  ft 


Horizontal  tail; 

Total  area,  sq  ft  

Span,  ft  

Aspect  ratio . ' 

Root-mean- square  chord  of  elevator,  ft  . . . . 


. 26.0 

. 11. 

’o'mI 


Vertical  tail; • 

Total  area  (not  including  dorsal),  sq  ft  . . . . 

Rudder  span,  ft  ....  . 

Root-mean- square  chord  of  rudder,  ft  


25.6 

6.58 

0.798 
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TABLE  I - Concluded 
PHYSICAL  CHARACTERISTICS  - Concluded 


Control  inovementr 

Total  stick  moveraent  (fore  and  aft), 

Elevator  movement,  deg  

Length  of  stick,  ft  

Rudder  pedal  movement,  in 

Rudder  movement,  deg  

Wheel  movement,  deg  

Wheel  diameter,  in 

Aileron  movement,  deg 

Stahilizer  movement,  deg  


ft  ....  . l-5‘ 

15  up  and  10  down 

1.8 

3.25  fore  and  aft 
15  left  and  right 
60  left  and.  right 

15 

. 12  up  and  down 
5 up  and  10  down 
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FIGURE  LEGENDS 


Figure  1.-  System  of  axes  and  control-surface  hinge  moments 
and  deflections.  Positive  values  of  forces,  moments, 
and  angles  are  indicated  by  arrows.  Positive  values 
of  tab  hinge  moments  and  deflections  are  in  the  same 
directions  as  the  positive  values  for  the  control  sur- 
faces to  which  the  tabs  are  attached. 

Figure  2.-  l/U-scale  model  of  the  Bell  XS-1  airplane 

mounted  in  the  50^  mph  7“  10-foot  wind  tunnel,  high 
speed  configuration. 

Figure  5.-  l/U-scale  model  of  the. Bell  XS-1  airplane 
mounted  in  the  3OO  mph  ?-  by  10-foot  wind  tunnel, 
landing  configuration. 

Figure  Three  vievi/  drawing  of  l/i^.-scale  model  of  the 

Bell  XS-1  airplane. 

Figure  5.-  Drawing  of  the  horizontal  tall  of  the  l/l4.-scale 
model . 

figure  6.-  Effect  of  stabilizer  setting  on  the  aerodynamic 
characteristics  in  pitch  of  the  l/ii-scale  model  of  the 
XS-1  a-irplane.  Landing  gear  retracted,  6f  - 0 , 

6q  = 0°,  \1/  = 0° , q = I03.6  Ib/sq  ft. 

Figure  6.-  Concluded. 

Figure  7.-  Effect  of  stabilizer  setting  on  the  aerodynamic 
character! sti.c3  in  pitch  of  the  l/h-scale  model  of  the 
XS-1  airplane.  Landing  gear  extended,  6©  - 0 , 

6f  = 600,  q = 55.5  iVsq  ft. 

Figure  7.-  Concluded. 

Figure  8.-  Variation  of  elevator  hinge-moment  coefficient 
with  tail  angle  of  attack  for  the  1/4-sca.le  model  of 
the  XS-1  airplane,  6e  = 0° . 

Figure  9.-  Effect  of  elevator  deflection  on  the  aerody- 
namic- characteristics,  in  pitch  of  the  1/4- scale  model 
of  the  XS-1  alrplanjsj  6f  = 0°^;  it  - 0° ; \|/  - 0 ; 

q = 165.6  Ib/sq  ft.' 

Figure  9,-  Concluded. 
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FIGURE  LEGENDS  - Continued 


Figure  10.-  Effect  of  elevator  deflection  on  the  aerody- 
namic characteristics  in  pitch  of  the  l/If-scale  model 
of  the  XS-1  airplane,  6f  = 60°,  ' it  = 0°,  = 0°; 

q = 53  *5  I'b/sq  iH;. 

Figure  10.-  Concluded. 

Figure  11.-  Effect  of  flap  deflection  on  the  aerod3mamlc 
characteristics  in  pitch  of  the  l/lj.-3cale  model  of  the 
XS-1  airplane,  = 0°,  it  = 0°,  = 0°. 

Figure  11.-  Concluded. 

Figure  12.-  Tuft  studies  of  the  l/I|.-scale  model  of  the 
, XS-1  Isolated  wing;  6f  = 0^;  = 0° ; q = 83.ij.  Ib/sqft. 

Figure  13.-  Tuft  studies  of  the  l/^-scale  model  of  the 
XS-1  airplane;  6f  = 0^ ; \J/  = 0° ; q = 68.1i  Ib/sq  ft. 

Figure  li;.-  Tuft  studies  of  the  l/i;-scale  model  of  the 
XS-1  airplane;  6f  = 60° ; = 0° ; q = 55‘5  Ib/sq  ft. 

Figure  15.-  Average  downwash  angles  at  the  horizontal 

tail  of  the  l/4-scale  model  of  the  Bell  XS-1  airplane. 

(a)  6f  = 0°;  landing  gear  retracted. 

Figure  15 •“  Concluded. 

•(b)  6f  = 60°;.  landing  gear  extended. 

Figure  16.-  Effect  ©f  stabilizer  setting  on  the  aerody- 
namic characteristics  in  pitch  of  the  l/ii-scale  model 
of  the  XS-1  airplane  landing  gear  extended;  6f  = 60° ; 

63  = 30°;'  6e  = 0°;  q = 55*5  Ib/sq  ft;  \{^  = 0^ . 

Figure  16.-  Concluded. 

Figure  I7.-  Effect  of  stabilizer  setting  on  the  aerody- 
namic characteristics  in  pitch  of  the  l/l|.-scale  model 
of  the  XS-1  alrnlane;  landing  gear  extended;  6f  = 60° ; 
6e  = 0°;  6s  = 60°;  q = 33.5  Ib/sq  ft;.-  = 0°. 

Figure  I7.-  Concluded, 
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FIGURE  LEGENDS  - Continued 

• Piguj’e,  l8.-  Effect  of  stabilizer  setting  on  the  aerody- 
'najnic  characteristics  in  pitchof  the  l/ii-scale  model 
of  the  XS-1  airplane;  landing  gear  ’ extended;  6f  = •, 
6e  = 0°;  6s  = 90°  J ^ = 33  *5  Ib/sq  ft;  \}/  = O'?  . 

Figure  l8.-  Concluded. 

Figure  19  •“  Effect  of  spoiler  deflection  on  the'  aerody- 
namic characteristics  in  pitch  of  the  lA-scale  model 
of  the  XS-1  airplane;  landing  gear  retracted;  - 6f  = 0^; 
It  = 0°;  6e  - 0°;  q = 88.i^.  Ib/sq  ft;  = 0° . 

Figure  I9.-; Concluded. 

Figure  20.-  Effect  of  spoiler  deflection  on  the  lift-drag 
ratio  of  the  XS-1  airplane;  6f  = 60° ; 6e‘=  0^ r 

it  = 0°;  q = 33*5  Ib/sq  ft. 

Figure  21.-  Location  of  pressure  orifices  on  the  l/i4.-scale 
model  of  the  XS-1  airplane. 

Figure  22.-  Effect  of  angle  of  attack  on  the  pressure 

distribution  oh  the  top  of  the  fuselage  of  the  l/l4.-scale 
model  of ' the  XS-1  airplane,  \}/  = OP,  q = 55.6  Ib/sq  ft: 
M = 0 . 20  . 

Figure  23.-  Effect  of  angle  of  attack  on  the  pressure 
distribution  around  the  fuselage  at  station  11.75  °f 
the  l/lq-3cale  model  of  the  XS-1  airplane;  " '\j/  = 0°  ; 
q = 55'.6  Ib/sq  ft;  M = 0.20. 

Figure  2l|..-  Effect  of  angle  of  attack  on  the  pressure 
distribution  around  the  fuselage  at  statioh  i;6.2  of 
the  1/1(.- scale  model  of  the  XS-1  airnlane;  •4/  = 0° ; 
q = 55.6  Ib/sq  ft;  M = 0.20.  ■ ' • 

Figure  25.-  Effect  of  angle  of  attack  on  the  pressure 

distribution  along  row  A of  the  fuselage  of  the 

l/q-scale  model  of  the  XS-1  airplane;  \|/  = 0° ; 

6f  = 0°;  q 55.6  Ib/sq  ft;  M = 0.20.  * 

F*igure  26.-  Effect  of  angle  of  attack  oh  the  pressure 

distribution  along  row  B of  the  fuselage  of  the 

l/I|.-scale  model  of  the  XS-1  airplane;  6f  = 0° ; 

= 0°;  q = 55.6  Ib/sq.;  ft;  ,M  = 0.20. 
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FIGURE  ..LEGENDS  - Continued 

Figure  27.-  Effect  of  angle  of  attack. qn  the  pressure 
distribution  over,  the  wing  of  the  i^-scale  model  of 
the  X3-1  airplane;  6f  = 0° ; \}r  = 0° ; q = 55»^  Ib/sqft; 

M = 0.20.  . ■ ' 

(a)  Station  7 -75 • 

Figure  27.-  Concluded. 

(b)  Station  27.19- 

Figure  28.-  Variation  of  critical,  force  break  and  flight 
Mach  nvunbers  with  lift  coefficient. 

Figure  29.-  Variation  of  neutral  points  with  lift  coeffi- 
cient for  the  l/l4.-3cale  model  of  the  XS-1  airplane. 

(a)  Stick-fixed. 

Figure  29.-  Concluded. 

(b)  Stick-free. 

Figure  50,-  Variation  of  elevator  stick  force  and  position 
for  trim  with  speed  at  sea  level. 

(a)  W/S  = lOi^  Ib/sq  ft. 

Figure  ^0,-  Continued. 

(b)  W/S  = 6I4..7  Ib/sq  ft. 

Figure  50*"  Concluded. 

(c)  W/S  = i|.0  Ib/sq  ft. 

Figure  5i*”  Schematic  arrangements  for  spring  loaded 
elevators. 

Figure  52.-  Variation  of  elevator  forces  and  gradients 
with  speed  for  the  XS-1  airplane;  w/S  = 10l|.  Ib/sq  ft; 

6f  = 0°;  it  = 2.714.°;  altitude  = sea  level;  = 0.6°. 
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FIGURE  LEGENDS  - Concluded 


Figure  33 •“  Stabilizer  and  elevator  angles  required  for 
zero  stick  force  and  trim  for  various  lift  coeffi- 
cients; 6eo  = -0.1°;  it^  = 2.92°, 

(a)  6f  = 0°;  W/S  = lOi^  Ib/sq  ft. 

Figure  53*“  Concluded. 

(b)  6f  = 60°;  W/S  = 1+0  Ib/sq  ft. 

Figure  3l4-*“  Variation  of  elevator  control  force  gradient 
with  hinge  moment  parameters  and  speed;  W/S  = 61+.7 
Ib/sq  ft;  altitude  = 35 >000  feet. 

Figure  35*”  Effect  of  Mach  number  on  the  aerodynamic 
characteristics  of  the  XS-1  airplane,  determined  by 
method  of  reference  9« 

Figure  36.-  Variation  of  elevator  control  force  gradient 
with  wing  loading  and  altitude. 

Figure  37*“  Variation  of  elevator  control  force  and 

deflection  gradients  with  center  of  gravity  position, 
W/S  = IOI+  Ib/sq  ft;  it  = 0° ; Cl  = 0.1;  load  factor 
altitude  = sea  level. 

Figure  38.-  Variation  of  AF^  due  to  the  spring  with 
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Figure  / System  of  axes  and  control-surface  hinge  moments 
and  deflections.  Positive  values  of  forces,  moments,  and 
angles  are  indicated  by  arrows.  Positive  values  of  tab 
hinge  moments  and  deflections  are  in  the  same  directions 
as  the  positive  values  for  the  control  surfaces  to  which 
the  tabs  are  attached. 
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Figure  3.-  --scale  model  of  the  Bell  XS-1  airplane  mounted  in  the  300  mph 
^7-  by  10-foot  wind  tunnel,  landing  configuration. 
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BESEASCE  ME340RAEDIJM 


CURRENT  STATUE  OF  LONGITUDIIIAL  STAKELITY 
By  Charles  J.  Donlan 

SUMMARY 


The  prohlems  of  static  and  dynamic  longitudinal  stability  both  at 
high  speeds  and  at  low  speeds  are  discussed  and  data  are  presented  which 
indicate  recent  progress  made  in  the  solution  of  these  problems. 

It  is  shown  that  the  incorporation  of  large  amounts  of  sweepback  on 
both  the  wing  and  the  horizontal  tall  can  significantly  increase  the 
Mach  number  at  which  critical  trim  changes  and  stability  changes  occur 
and  cein  greatly  reduce  the  trim  changes  and  stability  changes  encountered 
at  supercritical  speeds.  Data  are  also  presented  which  demonstrate  the 
possibility  of  obtaining  satisfactory  longitudinal  stability  in  the 
landing  configuration  for  wings  with  sweepback  of  the  order  of  45° 
utilizing  vario’us  stall— control  devices.  Optimum  arrangements  for  such 
devices,  however,  should  be  determined  experimentally  at  the  present  time. 


INTRODUCTION 


The  purpose  of  this  paper  is  to  focus  attention  on  some  recent 
investigations  that  have  been  concerned  with  longltudinEil— stability 
problems  both  at  high  speeds  and  at  low  speeds  and  to  summarize  briefly 
the  current  state  of  affairs  in  regard  to  these  problems. 
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W weight 

M Mach  number  (V/a);  pitching  moment 

V velocity 

a speed  of  sound 
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a 


aspect  ratio  ("b^/s) 
span 

wing  area 

lift  coefficient  (L/q.S) 

dynamic  pressure 

dynamic  pressure  at  tail 

density 

chord 

pltchlng-moment  coefficient  (M/qcS) 
downwaeh  at  tail 

period  of  short-period  longitudinal  oscillation,  seconds 
time  for  oscillation  to  dan^)  to  one-half  an^litude,  seconds 

stahlllzer  incidence 
control— surface  deflection 
angle  of  attack 

high-speed  PRCBLEMS 
Static  Stahllity  and  Control 


Recent  investigations.—  A number  of  longitudinal— stability 
investigations  of  various  airplane  configurations  have  been  conducted 
at  high  subsonic  Ilach  numbers  in  the  highr-speed  wind  tunnels  of  the 
NACA  and  at  transonic  Mach  numbers  up  to  1.2  utilizing  the  NACA  wing— flow 
method  and  the  associated  wind— tunnel  transonic-bunH)  technique.  A 
number  of  these  InTesblgationa  are  reported  in  references  1 to  7,  and 
some  of  the  configurations  investigated,  together  with  the  Mach  number 
range  covered,  eu*e  summarized  in  figure  !• 

For  the  tailless  configuration  (a),  data  were  obtained  in  the 
LKigley  hlgb-ap.ed  7- 10-foot  tuitool  for  a etlog-eupportad  aodel  and 
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also  for  a semi  span  model  up  to  a Mach  number  of  0.95*  Wing— flow  data 
were  also  obtained  up  to  a Mach  nuniber  of  1.2.  The  three  sets  of  data 
are  in  general  gualltatlve  agreement,  although  the  Increase  in  the  lift- 
curve  slope  with  Mach  numher  was  somewhat  more  rapid  for  the  sting- 
supported  tunnel  model  than  for  the  semi  span  tunnel  model  and  semi  span 
wing— flow  model. 

Configuration  (b)  was  investigated  as  a semi  span  wing- flow  model 
(reference  1)  and  was  also  tested  on  a transonic  bump  in  the  Langley  high- 
speed 7—  ty  10— foot  tunnel.  This  model  is  similar  to  the  XS— 1 model  for 
which  Langley  8— foot  high— speed— tunnel  data  are  available  to  a Mach  number 
of  0.92  (references  2 and  3)«  The  agreement  between  the  data  obtained  by 
the  wing— flow  method  and  the  transonlc-buiip  method  was  satisfactory 
throughout  most  of  the  Mach  number  range. 

Model  (d)  was  similar  to  model  (b)  except  for  the  swept  tall.  It 
also  was  tested  as  a wing- flow  model  (reference  ^4-). 

Model  (c)  was  investigated  on  the  transonic  bun?>;  model  (e),  as  a 
semlspan  model  in  the  Ames  l6-foot  tunnel  (reference  5);  Bind,  model  (f), 
as  a sting-supported  model  in  the  Langley  S-foot  high-speed  tunnel 
(references  6 and  ?)• 

Despite  the  fact  that  most  of  the  results  available  thus  far  are 
limited  to  relatively  few  configurations,  it  is  interesting  to  observe 
in  the  data  certain  trends  in  regard  to  the  manner  in  which  stability 

H.nn  T.rxjTi  f riMjngwH  wj.  r.ri  iiiinitiHi’  £UBlilx*e»  uou. 

Characteristic  data.—  Data  representative  of  the  variation  of 
pitching-moment  coefficient  with  lift  coefficient  for  several  Mach 
numbers  for  a straight-wing  design  are  shown  in  figure  2.  Although 
these  data  apply  to  the  design  indicated,  similar  trends  in  the  data 
for  other  straight-wing  designs  have  been  observed.  The  data  at  M = 0.600 
are  typical  of  the  behavior  before  force  break,  and  some  comments 
regarding  the  predlcablllty  of  the  characteristics  in  this  range  are 
probably  pertinent  at  this  point. 

The  important  changes  in  longitudinal  stability  for  straight-wing 
designs  at  high  Mach  numbers  are,  of  course,  not  indicated  by  formulas 
based  on  linear-perturbation  theory.  Such  formulas,  however,  are  useful 
in  interpreting  experimental  trends  at  subcritical  Mach  numbers.  In 
consideration  of  the  Mach  number  effects  on  a wing  and  tall  combination, 
the  trends  indicated  by  the  theory  may  be  divided  into  three  categories: 

(1)  direct  changes  in  the  position  of  the  wing  aerodynamic  center, 

(2)  changes  in  the  downwash  at  the  tail,  and  (3)  disproportionate  changes 

in  the  lift-curve  slopes  of  the  wing  and  tail  resulting  from  the  differences 
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in  aspect  ratio.  For  a flat  elliptic  wing  of  aspect  ratio  4,  theory 
indicates  a forward  shift  of  the  aerodyiMunlc  center  of  only  about 
l.k  percent  at  a Mach  number  of  0.8  (reference  8).  However,  forward 
shifts  of  the  aerodynamic  center  of  5 percent'  or  more  have  been  obtained 
experimentally  on  straight  wings  at  high  Mach  numbers,  particularly  for 
those  en5>loylng  sections  having  large  trailing— edge  angles.  At  the 
present  time,  therefore,  it  appears  that  the  changes  in  wing  aerodynamic- 
center  position  with  Mach  number  must  be  determined  experimentally  even 
at  subcritlcail  speeds.  A limited  amount  of  Gorman  data  has  indicated  that 
this  effect  is  minimized  for  small  trailing-odge  angles. 

The  theories  regarding  the  change  in  downwash  characteristics  at  the 
tail  and  the  change  in  the  llftp-ciirve  slopes  of  the  wing  and  tall  with 
Mach  ntmiber,  however,  appear  to  agree  fairly  well  with  experiment  at 
subcritical  Mach  numbers  (references  9 and  10).  These  two  effects  have 
Indicated  forward  shifts  in  the  neutral  point  of  the  order  of  5 percent 
in  some  cases.  At  Mach  nunibers  approaching  that  of  force  break  and  at 
supercritical  Mach  numbers,  recourse  must  be  made  to  experiment. 

Marked  changes  in  the  variation  of  the  basic  wing— fuselage  pitching 
moment  with  lift  coefficient  are  apparent  at  a Mach  number  of  O.905 

0.933,  and  the  appearance  of  flat  spots  in  the  resultant  pitching- 
moment  curve  in  the  lower  li:ft  range  is  somewhat  characteristic  for  this 
type  of  design  at  supercritical  speeds.  In  many  instances  local  reversals 
in  slope  have  been  encountered,  particularly  for  different  stabilizer 
and  elevator  settings.  The  nonparallelism  of  the  pitching-moment  curves 
in  this  range  for  the  different  stabilizer  settings  is  significant  and 
evidences  the  nonlinear  contribution  of  the  tail  to  stability.  Consequently, 
in  evaluating  the  stability  characteristics  of  a design  possessing  non^ 
linearities  of  this  kind,  it  is  essential,  of  course,  to  consider  condi- 
tions at  tail  settings  in  the  vicinity  of  trim  at  the  particular  lift 
coefficient  in  question  and  also  the  llf1>-coefflclent  range  over  which  the 
nonllnearlties  extend. 

Similar  data  for  a sweptback  tailless  configuration  are  shown  in 
figure  3.  The  data  for  M = O.7O  and  0.95  were  obtained  from  Langley  hig]>- 
speed  7—  by  10-foot  tunnel  tests  of  a semi  span  model.  The  data  for 
M = 1.00  were  obtained  from  wing-flow  tests  of  a smaller  model.  The 
increased  slope  of  the  pitching-moment  curves  at  the  higher  Mach  numbers 
is  again  evident.  At  M = 0.95  the  control  effectiveness  has  been  con^ 
siderably  reduced  and  appreciable  trim  changes  occur,  but  the  vicious 
changes  in  stability  that  are  frequently  manifested  by  straight-^lng 
designs  at  supercritical  speeds  are  absent. 

The  effect  that  sweepback  can  have  on  delaying  the  Mach  number  at 
which  significant  trim  changes  and  stability  changes  ^e  manifested  is 
further  illustrated  in  figure  k.  The  straight-wing  design  and  the 
tailless  design  are  the  configurations  for  which  typical  data  have  been 
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presented.  (See  figs.  2 and  3.)  The  model  with  a swept  wing  and  tail 
was  an  arhltreiry  configuration  investigated  on  the  transonic  hunqp.  In 
evaliiating  the  control  settings  required  for  trim  at  the  various  Mach 
numbers,  appropriate  flight  plans  at  altitude  were  assumed  for  each  con— 
flgijration.  It  is  interesting  to  note  the  manner  in  which  the  Initial 
trim  changes  have  "been  postponed  to  higher  Mach  numbers  for  the  swept 
configurations  and,  in  particular  the  extremely  small  trim  changes 
associated  with  the  U5°  configuration.  Above  their  respective  critical 
speeds,  "both  the  straight-wing  design  and  the  tailless  configuration 
manifested  irregular  trim  changes.  It  is  desirable  to  keep  trim  changes 
as  small  as  possible,  although  the  amount  of  trim  change  that  can  safely 
be  tolerated  depends  to  a considerable  extent  on  the  type  of  stability 


associated  with 


For  the  stralght-^ng  configuration  two  boundaries 


are  presented  for  the  parameter 


at  supercritical  speeds.  The 


lower  boundary  is  associated  with  the  local  flat  spots  in  the  pitching- 
moment  data  previously  discussed,  (See  fig,  2.)  These  flat  spots  extended 
over  a lift— coefficient  range  of  less  than  0.1  and  are  relatively 
unlnq)ortant  for  the  particular  flight  plan  employed  for  this  example, 
Inasnruch  as  the  mininrjm  lift  coefficient  attained  is  about  0.2.  The 
response  of  the  airplane  to  disturbances  necessary  to  effect  accelerations 
of  the  order  of  2g  or  3g  is  probably  more  nearly  associated  with  some 
value  between  the  two  boundaries. 

For  the  35°  swept  design,  this  parameter  is  more  precisely  determinable 
«n(1  flofiH  not  change  appreciably  up  to  a Mach  number  of  0.88,  although 
it  also  increasea^rather  rapidly  at  the  higher  supercritical  Mach  numbers. 

For  the  45°  swept  configuration,  changes  in  the  parameter  have  been 
delayed  until  a Mach  number  of  about  0.95  lias  "been  reached  and  then 

_ ( ) Increases  rather  gradually.  This  comparison  illustrates  the 

need  for  enploylng  a large  degree  of  sweepback  if  trim  and  stability 
changes  in  the  transonic  region  are  to  be  minimized. 


Two  factors  greatly  affecting  the  value  of 


are  the  wing- 


fuselage— aerodynamic-center  position  and  the  downwash  at  the  tall.  The 
manner  in  which  these  factors  changed  with  Mach  number  for  the  straight- 
wing design  and  the  45°  swept  design  are  shown  in  figure  5* 

The  large  variation  in  the  local  position  of  the  wing:^eelage- 
aerodynamlc-c enter  position  ^enoted  by  tall  off^  for  the 
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stralght-^ng  design  Is  Immediately  apparent,  and  this  variation  is 
reflected  in  the  hehavior  of  the  tail-on  results,  although  the  magnitude 
of  the  fluctuations  has  "been  decreased  because  of  the  increased  tail 

effectiveness  effected  hy  the  reduction  in  at  the  tail  at  the 

supercritical  Mach  numbers. 

For  the  swept  configuration,  the  wlng-fuselage-aerodynamic- 
center  position  varied  only  a small  amount,  and  the  increase  in 

1 ftall  on)  at  the  higher  Mach  number  was  largely  due  to  the 

increased  tail  effectiveness  caused  by  the  reduction  in  downwash  elope  at 
the  tail. 


Dynamic  Stability 


The  parameter 


also  influences  to  some  extent  the  frequency 


'M 


of  the  shorb-perlod  longitudinal  oscillation.  Some  con^iutatlons  for  a 
few  characteristic  designs  were  made  in  order  to  observe  the  m^er  in 
which  this  quantity  affected  the  dynamic  stability  characteristics,  and 
the  results  of  the  conqiutationB  for  a tailless  design  investigated  are 
presented  in  figure  6.  It  is  Immediately  apparent  that  ^tltude  has  a 
pronounced  effect  on  the  period  of  the  oscillation  and  that  the  period 
becomes  shorter  as  the  speed  Islncreased.  The  period  varies  In^som©- 

what  hyperbolic  manner  with  values  - 

lees  than  0.05  the  period  will  increase  very  rapidly,  whereas  for  values 


of  - 


f. 


S]  greater  the.n  0.15  bhe  period  will  change  only  slightly. 


The 


importance  of  the  frequency  of  the  short-period  oscll^tion  ^11  probably 
h^e  to  await  flight  experience,  inasmuch  as  it  will  Jepejd 
on  the  danroing  characteristics.  It  will  be  noted  l^t  while  the  dancing, 
as  evaluated  by  the  number  of  seconds  to  dan?)  to  l/2 

to  a considerable  extent  on  altitude  and  speed,  it  is  Independent  of  th 

^ ^ _ V 


parameter  . It  is  Influenced  significantly,  however,  by  the  damping 

in  pltchj  and  fo?  airplanes  with  a tail,  the  ^®, 

tha^  that  indicated  here.  For  a particular  design  the 

of  the  shor1>-perlod  oscillation  can  be  rapidly  evaluated  inarch  as  o^e 
needs  only  to^determlne  the  roots  of  the  second-degree  equation  usually 
associated  with  this  mode  of  the  longitudinal  motion. 
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One  of  the  factors  that  has  limited  the  amount  of  sweephack  that  can 
he  heneflclally  en5>loyed  on  transonic  designs  has  been  the  difficulty 
of  providing  satisfactory  stability  and  control  characteristics  in  the 
landing  condition. 

Basic  ving  characterieticB.—  At  lift  coefficients  prior  to  that  at 
vhlch  separated  flow  ensues  on  the  vlng^  the  position  of  the  aerodynamic 
center  of  the  wing  can  be  estimated  fairly  reliably.  The  shift  in  the 
aerodynamic-center  position  that  occurs  at  high  lift  coefficients  is 
less  amenable  to  theoretical  computations^  cuid  numerous  experimental 
investigations  have  been  concerned  with  this  effect.  From  the  data 
examined  thus  far  it  appears  that  aspect  ratio  and  sweep  angle  eu*e  still 
the  two  most  important  factors  that  influence  the  type  of  pitching- 
moment  variation  to  be  expected  at  the  stall.  The  familiar  manner  in 
which  sweep  angle  and  aspect  ratio  affect  the  character  of  the  pitching- 
moment  variation  at  the  stall  la  illustrated  in  figure  7,  which  is 
taken  from  reference  11.  Combinations  of  sweep  and  aspect  ratio  that 
fall  above  the  line  on  the  figure  have  been  found  to  yield  the  charac- 
teristically unstable  pitching-moment  variation  indicated.  Other  factors 
such  as  airfoil  section,  wing  taper,  Eeynolds  nixniber,  and  surface 
roughness  have  been  found  to  influence  the  lift  coefficient  at  which 
instability  is  first  manifested,  but  the  ultimate  variation  at  that 
stall  has  still  been  found  to  be  consistent  with  that  indicated  in 
the  figure. 


I or*  T o -r  r 


found  that  the  addition  of  traillng-edge  flaps  has  resulted  in  an 
unstable  pitching-moment  variation  even  for  wings  falling  in  the  stable 
region  in  figure  7.  A considerable  number  of  investigations  have 
therefore  been  concerned  with  the  develojiment  of  devices  designed  to 
alleviate  the  tip  stalling  that  is  responsible  for  this  behavior 
(references  12  to  15)- 


Stall-control  devices.—  At  the  present  time  stall— control  devices 
have  been  successfully  applied  to  wings  with  leadii:g-edge  sweep  euigles 
up  to  42°.  Some  of  the  results  of  an  investigation  (references  12  and  13) 
covering  the  effect  of  stall— control  devices  on  the  pitching-moment 
characteristics  of  a 42°  sweptback  wing  equipped  with  a split  flap  are 
shown  in  figure  8.  This  wing  has  an  KACA  642—112  section  and  an  aspect 

ratio  of  4.  This  investigation  was  conducted  in  the  Langley  19— foot 
pressure  tunnel  at  a Eeynolds  ntmfber  of  about  6,840,000.  The  basic 
wing— fuselage  combination  exhibited  an  unstable  pitching-moment  variation 
at  the  stall.  The  addition  of  leading— edge  flaps  of  the  type  indicated, 
covering  about  60  percent  of  the  span, resulted  in  a stable  break  of  the 
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pitchin^-^iioment  curve  at  the  stall,  ani  this  type  of  leading-edge  device 
was  the  most  satisfactory  tested.  Similar  effects  were  also  obtained 
with  a leading— edge  slat  arrangement  which  covered  60  percent  of  the 
span  except  for  a small  region  of  Instability  Just  before  This 

’jnstable  region  was  removed  by  the  addition  of  a fence  located  at  the 
inboard  end  of  the  slot.  This  effect  is  somewhat  typical  of  fence 
behavior.  If  located  properly,  fences,  in  general,  have  been  found 
helpful  in  minimizing  local  unstable  variations  in  the  pitching-moment 
curve  up  to  the  maximum  lift  coefficient  but  do  not  appreciably  affeot 
the  ultimate  character  of  the  pitching-moment  variation  at  the  stall. 

Effect  of  fuselage.-  The  percent  span  of  leading-edge  flap  or  slat 
reauired  to  effect  satisfactory  pitching-moment  behavior  at  the  stall 
depends  somewhat  on  the  size  of  the  fuselage  to  which  the  wli^  is  attached 
and,  to  a lesser  extent,  on  the  position  of  the  wing  on  the  fuselage. 

The  effect  is  illustrated  in  figure  9 (reference  13)-  The  configuration 
represented  by  0.575  leading-edge  slots  is  the  same  wing  corflg^ation 
discussed  in  figure  8 and  the  fuselage  is  seen  to  have  lit^e  effect  on 
the  character  of  pitching-moment  variation  at  the  stall.  Whan  the 

leading-edge  flap  span  was  Increased  to  0.725^,  however,  the  wing- 

fuselage  combination  was  unstable  at  the  stall;  whereas  the  wing  alone 
still  exhibited  favorable  characteristics.  Similar  results  were  obtained 
for  a high-  and  low-^lng  arrangement.  It  appears  from  tuft  studies  of 
these  configurations  that  the  flow  over  the  fusel^e  delays  ohe 
of  the  center  section  to  such  an  extent  that  initial  separation  again 
began  over  the  flapped  portion  of  the  wing. 

Effect  of  tail  location.-  The  addition  of  a tall  adds  further 
complications  but,  in  gener'al,  it  has  been  found  that  stable  behavior 
of  the  resultant  pitching  moment  at  the  stall  is  most  , 

achieved  when  the  basic  wing-fuselage  pitching  ^ment  exhibits  ^ ^able 
variation.  The  location  of  the  tail,  however,  is  an  ir^ortant  consldera 
tion  and  the  effect  of  adding  a tall  to  the  wing-fuselage  configuration 

with  0.5T5|  leading-edge  flaps  and  0.50|  tralllng-edge  flaps  is  shown 
in  figure  10. 

A study  of  these  data  indicates  that  the  most  satisfactory  pitching- 
moment  behavior  at  the  stall  was  actually  achieved  with  the  low  tail 
position  by  virtue  of  the  decreased  rate  of  change  of  f 
with  this  tall  location.  This  low  position  was  close  to  the  edge  of  the 
wing  waie,  however,  and  may  be  objectionable  from  other 

Th^more  desirable  midtail  location  possessed  a local  ^ 

Just  before  which  was  removed  by  the  addition  of  a fence. 
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COHCLUSIONS 


In  recapitulation,  the  following  generalizations  can  he  made: 

1.  The  incorporation  of  large  amounts  of  sweephack  on  both  the 
wing  and  the  horizontal  tall  has  been  found  to  increase  the  Mach  nuniber 
at  which  trim  changes  and  stability  changes  are  first  manifested  and 

to  reduce  greatly  the  trim  changes  and  stability  changes  encountered 
at  supercritical  speeds. 

2.  Longitudinal  stability  in  the  landing  condition  has  been  attained 
for  configurations  with  sweep  angles  of  the  order  of  45°  utilizing 
various  stall— control  devices,  but  at  the  present  time  optimum  arrange- 
ments for  these  devices  must  be  determined  experimentally. 
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STABILITY  AND  CONTROL 
Charles  J.  Donlan 
Langley  Aeronautical  latoratory 


INTRODUCTION 


The  "vxf  038  of  this  paper  is  to  review  the  various  factors  that 
ccnnti  h 'Te  c::atic;  longitudinal  stability  and  control  and  to  Indicate 
how  thO'3'e  factors  may  he  influenced  hy  power  effects  and  Mach  number 

eff  ecta . 


SYMBOLS 


Cm 

Cl 

b 

S 

H 


Ae 


AI 


c I ■ ■ c h i ng-Eioment  coeffici ent 
l:.r?t  coefficient 
wing  span 
wing  area 

stabilizer  incidence,  degrees 

; [ , .oiriHM  I,  nP  ntjwHr—^’PP  nnwtiwM.Hti  n,l.  hmC /.on  l.n_L  taix 

given  angle  of  attack)  from  zero— lift  downwash, 

ii.'creraent  in  downwash,  at  a given  angle  of  attack, 
s.:;'icr,  degrees 


coefficient 


f Thrust\ 

VpV2d2  J 


» 


t 

V H I.- 

degrees 
due  to 


increment  in  thrust  coefficient  from  power— off  condition  to  a 
specified  power  condition 

T)  Tan -form  factor 

number 


BASIC  CONCEPrS 


( ii.'.i;.  i 11  by  relates  to  the  behavior  of  an  airplane  in  a series 

' 'U  ;.i  o.f  motion.  It  is  of  interest,  therefore,  to  aline  the 
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practical  conditions  for  stability  as  desired  by  pilots  with  the  cort- 
ditions  for  stability  that  result  from  a mathematical  treatment  of  the 
subject.  From  the  pilot’s  point  of  view  an  airplane  possesses  stick- 
position  stability  if  the  stick  must  be  moved  rearward  to  retrim  the 
airplane  at  a speed  lower  than  the  initial  trimmed  speed  or  moved 
forward  to  retrim  the  airplane  at  a speed  higher  than  the  initial 
trimmed  speed.  If  the  rearward  movement  of  the  stick  requires  a pull 
force  or  if  the  forward  movement  of  the  stick  requires  a push  force, 
the  airplane  also  possesses  stick— force  stability. 

The  basic  mathematical  condition  for  static  stability  is  that  the 
constant  term  E of  the  quartic  stability  equation  be  positive: 

+ BX.3  + + DX  + E = 0 (l) 


The  development  of  equation  (l)  for  the  stick-fixed  condition  may  be 
found  in  references  1 and  2 and  for  the  stick— free  condition  in 
reference  3* 

Physically,  a positive  value  of  E indicates  that  one  of  the 
longitudinal  modes  of  motion  of  the  airplane  will  consist  of  a long- 
period  oscillation,  classically  termed  a phugoid  oscillation*  The 
question  of  the  characteristics  of  this  oscillation,  and  whether  it  is 
stable  or  imstable,  is  one  of  dynamic  stability  and  therefore  is  not 
discussed  herein.  A discussion  of  its  importance  from  the  pilot 's 
point  of  view  may  be  found  in  reference  k*  It  will  suffice  to  say 
that  if  E is  positive,  the  phugoid  oscillation  will  be  present  in 
some  form  but,  more  important,  the  previously  mentioned  relationships 
concerning  stick -position  and  stick-force  stability  will  be  satisfied. 

On  the  other  hand,  if  E is  negative,  the  long-period  phugoid 
oscillation  is  replaced  essentially  by  a slow  divergence  and  the  pilot 
will  find  it  necessary  to  reverse  his  customary  procedure  for  retrlmming 
the  airplane.  This  reversal  of  customary  flight  procedure,  while  not 
particularly  desirable,  is  generally  not  catastrophic  because  the 
divergence  that  develops  as  a consequence  of  this  type  oi  instability 
depends  on  speed  changes  that  take  considerable  time  to  develop. 

The  expression  "static  stability"  has  also  been  used  to  describe 
the  weathercock  tendencies  of  an  airplane  while  flying  at  a constant ^ 
speed.  This  type  of  stability  is  essentially  angle-of-attack  stability 
and  is  extremely  important  in  that  it  prevents,  for  example,  the 
airplane  from  developing  excessive  load  factors  when  encountering  a 
gust  or  other  disturbances:  Static  stability  is  frequently  referred 

to  as  "maneuvering  stability,"  inasmuch  as  it  also  controls  the 
inlierent  maneuverability  of  the  airplane.  Tlie  mathematical  condition 
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for  this  type  of  stability  is  that  the  coefficient  C of  equation  (l) 
be  positive.  Physically,  if  C is  positive,  a short— period  oscilla- 
tion is  present;  if  C is  negative,  the  oscillation  is  replaced  by  a 
very  rapid  and  dangerous  divergence.  It  should  be  emphasized  that 
from  the  point  of  view  of  safety  it  is  the  type  of  stability 
associated  with  C that  is  most  important  to  the  pilot. 


In  simplified  treatments  of  stability  where  power  effects  and 
compressibility  effects  are  ignored,  little  misunderstanding  results 
from  the  different  interpretations  attached  to  the  term  "static 
stability"  because  the  same  factor,  the  slope  of  the  curve  of  pitching- 
moment  coefficient  against  lift  coefficient,  usually  determines  the 
sign  of  both  E and  C.  f/hen  the  effects  of  power  and  compressibility 
are  taken  into  account,  iiowever,  the  terms  E and  C are  no  longer 
dependent  on  the  same  parameters  and  a more  precise  interp.retation 
of  their  significance  is  essential. 


The  four  concepts  and  definitions  commonly  employed  in  current 
discussions  of  longitudinal  stability  are  summarized  in  table  I,  Tlie 
type  of  stability  associated  with  E is  manifested  as  stick— position 
stability  or  as  stick— force  stability.  The  degree  of  stability  is 


measured  by  the  static  margin,  defined  as 


Hie 


parameter  — 


can  be  evaluated  from  wind-tunnel  tests  wit' 


0 


the  controls  either  fixed  or  free  if  the  tests  are  conducted  to 
simulate  the  appropriate  power  condition  and  flight  plan.  Ttie  center— 
of— gravity  position  for  which  the  static  margin  vanishes  for  either 
the  stick— position  or  stick— force  condition  defines  the  neutral  point. 


The  type  of  stability  associated  with  the  term  C is  interpreted 
and  measured  by  the  pilot  in  terrra  of  the  control  movement  or  control 
force  required  tc3  effect  a riven  acceleration  at  a constant  speed. 

The  de^gree  of  stebilily  i c t '-’cpo*  ♦ ional  to  the  so-called  maTieuver 
margin.  The  nianeuver  mar/'iu  can  be  evaluated  from  wind-tunnel  testa 
as  the  sum  of  the  slope  of  Me  p I'ching-mo-.nent  curve  obtained  at  a 
constant  Mach  number  and  for  a fixed  power  condition  and  a term 
representing  the  damping-in-pitcli  char-i,c  berlstlcs  of  the  aiiqilane* 

For  heavily  loaded  airplanes  flying  at  high  altitudes  K is  negligible 


and  the  maneuver  margin  is  given  eonentially  as 


M 


which  can 


easily  be  obtained  from  wi  rid— : nruif;  i,  i osts.  Ti  e maneuver  point  coincides 
with  the  ceni.er— of— (TTVi/i  ty  position  cori- espo':  1 ing  to  ze?ro  maneuver 
margin. 
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If  the  maimer  in  which  the  pitching-moment  coefficient  y^ies 
with  the  lift  coefficient  ia  known,  all  the  essential  stability 
parameters  can  he  evaluated . 

STABILITY  AT  SIIBCEITICAL  SPEEDS 

The  stability  of  a conventional— type  airplane  is  determined  by 
the  relative  contributions  of  the  win^fuselage  combiimtion  ^d  the_ 
horizontal  tall.  At  aubcritical  speeds  the  contribution  of  the  basic 
wina-fuselage  combination  can  be  estimated  fairly  reliably,  ^d 
numEous  papers  and  charts  are  available  for  simplifying  such  calcu- 
lations. (See  references  9 to  10.)  The  contribution  of  the 
horizontal  tail  in  the  absence  of  slipstream  or  Jet  effects  ^an 
Be  estimated  fairly  reliably  for  both  the  flaps-retracted  and  fl  p 
deflected  conditions  (reference  ll)  with  the  of  downwash  ch^ 

such  as  those  prepared  by  Silverstein  and  Katzoff  (reference  12) . 
Pellable  methods  are  also  available  for  estimating  the  hing^oment 
characteristics  of  the  elevator;  thus,  rational  esti^tes  ot  the 
stick-free  stability  characteristics  can  be  made.  (See  referenc  3-- 
The  addition  of  a propeller  or  a Jet  may,  however,  cause  important 
changes  in  the  contributions  supplied  by  the  various  components  and  a 
knowledge  of  the  manner  in  which  these  effects  are  manifested  is 
extremely  helpful  in  design, 

POWER  EFFECTS 


Proneller  effects.-  Successful  methods  have  been  developed  for 
estimat'iL  thTiffi'Hti  of  the  slipstream  on  the  wing-fuselage  ch^ac 
tS^Sicf  (references  Hi  to  iB),  but  attempts  to  predict  the  complex 
changes  in  flow  at  the  tail  plane  have  been  less  successful. 

During  the  war  years  a lai-ge  amount  of  experimentel  data  pertaining 
to  propeller  effects  were  obtained  particularly  for  singl^ngine 
airplanes.  Typical  investigations  are  reported  in  ref ei ences  19  to  2». 
These  data  have  been  analyzed  and  a method  has  been  developed  for 
estimating  the  effects  of  power  on  the  contribution  of  the  ta 
stability!  The  essence  of  the  method  is  presented  in  figures  1 and  2, 
which  were  taken  from  an  unpublished  analysis. 

The  data  of  figure  1 constitute  a correlation  of  the  change^  in  do'wn- 
warh  angle  resulting  from  an  increment  in  thrust ^coefficient  above  e 
windmilling  condition-  A correlation  study  of  2o  specific  model  coni ig 
rations  has  indicated  that  idio  most  powerful  factors 

mental  domwash  angle  are  the  initial  domwash  angle  e and  a lac  tor 
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dependent  on  the  wing  plan  form.  It  has  been  observed  that  taper 
ratio  is  of  particular  importance,  and  the  manner  in  which  the  plan- 
form  correlation  factor  F varies  with  wing  taper  ratio  is  also 
shown  in  figure  1.  Ihe  dashed  lines  parallel  to  the  design  curve 
represent  the  order  of  accuracy  which  might  be  expected  in  applying 
this  chart  to  a new  design. 

A correlation  chart  for  estimating  the  powen-on  tail  effectiveness 
ia  shown  in  figure  2.  The  dependency  of  the  tail— effectiveness  ratio 
on  the  relative  position  of  the  slipstream  and  tail  position  should  be 
noted.  The  lines  parallel  to  the  design  curve  again  indicate  the 
order  of  accuracy  of  the  correlation.  These  correlation  chai*ts  at 
present  are  applicable  only  to  s ingle— engine  tractor  monoplanes  with 
flaps  retractedjbut  it  is  hoped  eventually  to  obtain  similar  correla- 
tion ch.arts  for  the  flap-down  condition. 

From  correlation  charts  such  as  those  shown  in  figures  1 and  2 
it  is  possible  to  construct  curves  of  the  variation  of  pitching-moment 
coefficient  with  lift  coefficient  for  any  power  condition,  and  from 
these  curves  all  of  the  essential  stability  parameters  can  be 
evaluated.  Beferences  29  and  3O  contal^i  graphical  methods  for 
determining  the  location  of  the  neutral  point. 

The  scarcity  of  systematic  data  on  multiengine  installations  has 
thus  far  prevented  the  development  of  similar  correlations  for  these 
configurations . 

Jet  effects.—  The  influence  of  Jets  on  the  longitudinal  stability 
is,  in  general,  not  as  pronounced  as  propellers.  (See  reference  31.) 
Direct  Jet  effects  are  easily  computable  and  charts  are  available  for 
esoiujaLIiig  Lhe  inflow  field  about  a Jet;  thus,  the  calculation  of 
downwash  changes  in  the  vicinity  of  the  horizontal  tail  is  possible 
(reference  32) . 


COMPEESSIBILITY  EFFECTS 


Up  to  the  speed  at  which  the  critical  Mach  number  of  the  wing  is 
exceeded,  the  effects  of  compressibility  on  the  stability  characteristics 
of  an  airplane  are  relatively  small,  and  rational  estimates  of  these 
effects  can  be  made  utilizing  formulas  based  on  linear  perturbation 
theory.  'The  more  significant  changes  in  stability  occur  when  the 
critical  speed  of  the  wing  is  exceeded  and  shock  waves  are  found  which 
result  in  large  pressure  changes  over  the  wing.  As  a consequence,  the 
lift  and  the  lift-curve  slope  decrease  rapidly,  and  for  cambered 
aectj-ons  the  axigie  of  attack  for  zero  lift  shifts  in  a positive 
direction.  These  changes  are  generally  more  pronounced  for  wings 
having  gi’eater  camber. 
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4-  +->,44  -Lrin;?  mav  shift  either  in  a forward 

The  aerodynamic  center  of  the  wing  ma^  on 

or  diS^Tlon  depeMln.  upon  the 

airfoil  section  and  the  ‘la^e  will^BO  be  affected  hy 

shift  associated  with  a particular  ai  p 

the  fuselage  or  nacelles. 

An  example  of  the  manner  in  which  compressihility  effects  were 
An  example  oi  w fighter  is  shown  in  figure  3-  (See 

manifested  on  a world  War  ii  g + o+  M = 0 “5  are 

reference  33-)  ^^^v^lS^the^force^hreal:.  As  the  critical  speed 

typical  of  the  hehavior  e center  of  the  wing-fuselage 

fcm^^Lfi^n  Zerro^tSd^a^  rpZlhZZ^^d^^^  ^ 

'Jlh^SraS—c^ent^r/Levar,  the  elope  (S0„/SC.)„ 

for  Idle  tail-on  configuration  was  actually  increased.  A noticeable 
SinS  in  irClo  alsfevldont.  Thue,  while  Uie  e,aneuver  margin 

IS  ??nslderahl,  increased 

the  trim  change,  hecomea  jnst  ^ j nose-down  tendency 

usually  IS  that  the  airplane  L?  powerful  enough 

Jvll  SeC  Sih  S^plS:  S or  the  control  forces  hecome 
^oo"?riaffor  the  pilot  to  handle.  This  hehavior  Is  referred 
to  as  the  "tucking  under  tendency- 

If  an  airplane  has  an  adjustable  stabilizer,  severe  trim  chafes 
V oraTn-norinn+fid  for  without  Huch  difficulty . If  the 
of  this  type  however,  another  solution  to  this 

airplane  has  a fixed  adoptk  for  the  airplane  having  the 

problem  is  required.  involved  the  use  of  div^recovery 

characteristics  shown  in  figi^  . -4.  „ fl-ive-recovery  flap  is 

flaps.  Ihe  essential  ch^acterlstlo  of  nn 

Illustrated  wtag^Mid  when  deflected,  causes  an  Increase 

the  under  surface  of  the  wing  , in  the  ansle  of  zero 

in  the  local  d<nmwash  at  the  ^11  ^d  a hh^ge  1°  “e 
lift.  The  effect  is  the  =^e  “ “hugh  the^stebil^e^ 

?hro“fCde?le"ron  fol  a particular  configuration,  however,, 
must  be  determined  experimentally. 

Severe  compressibility  effects  ^ ^^y^emplSing  plan  forms 
numbers  by  utilizing  thinner  "i"®  “^"°”^„^^^^i^'^swLpbach.  (See 
having  low  aspect  nntios^r  sweepbach  is  particularly 

references  35  and  3 •)  increase  the  Mach  number  at  which 

beneficial  and  can  ^^^^J^i^Zroblems  are  encountered  and  might  he 
:SS:d^:Sffo“rcrtii1Jirra:ges  am  stability  Changes 
encountered  at  supercritical  speeds. 
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LOW-SEEIED  PEOBLEJVB  OF  SWEPTBACK  WINGS 


One  of  the  factors  that  limits  the  amount  of  sweephack  that  can 
he  employed^  however,  is  the  difficulty  of  providing  satisfactory 
stability  and  control  in  the  landing  condition. 

Basic-wing  characteristics.-  At  lift  coefficients  prior  to  that 
at  which  separated  flow  ensues  on* the  wing,  the  position  of  the 
aerodynamic  center  of  the  wing  can  be  estimated  fairly  reliably.  The 
shift  in  the  aerodynamic— center  position  that  occurs  at  high  lift 
coefficients  is  less  amenable  to  theoretical  computations,  and 
numerous  experimental  Investigations  have  been  concerned  with  this 
effect.  From  the  data  examined  thus  far  it  appears  that  aspect  ratio 
and  sweep  angle  are  still  the  two  most  in5)ortant  factors  that 
influence  the  type  of  pitchlng-^noment  variation  to  be  expected  at 
the  stall.  The  familiar  manner  in  which  sweep  angle  and  aspect  ratio 
affect  the  character  of  the  pitching^noment  variation  at  the  stall  is 
illustrated  in  figure  5,  which  is  taken  from  reference  37.  Combinations 
of  sweep  and  aspect  ratio  that  fall  above  the  line  in  the  figure  have 
been  found  to  yield  the  characteristically  unstable  pitching-moment 
variation  indicated.  Other  factors  such  as  airfoil  section,  wing 
taper,  Reynolds  number,  and  surface  roughness  have  been  found  to 
influence  the  lift  coefficient  at  which  instability  is  first  mani- 
fested, but  the  ultimate  variation  at  the  stall  has  still  been  found 
to  be  consistent  with  that  indicated  in  figure  5. 

While  figure  5 reflects  the  behavior  of  plain  wings,  it  has  been 
found  that  the  addition  of  trailing-edge  flaps  has  resulted  in  an 
unstable  pitching— moment  variation  even  for  wings  falling  in  the  stable 
region.  A considerable  number  of  investigations  have,  therefore,  been 
concerned  with  the  development  of  devices  designed  to  alleviate  the 
tip  stalling  that  is  responsible  for  this  behavior. 

Stall  control  devices.—  Methods  that  have  been  tried  in  attempts 
to  alleviate  the  tip  stalling  of  sweptback  wings  have  included  wing 
twist,  changes  in  wing  plan  form  at  the  tip,  flat— plate  separators  — 
which  attempt  to  control  the  lateral  flow  of  the  boundary  layer  - and 
leading— edge  flaps  and  slats . Combinations  of  these  methods  have  also 
been  tried  on  specific  configurations.  Perhaps  the  most  successful 
stall  control  device  thus  far  investigated  has  been  the  leading— edge 
slat.  Figure  6 illustrates  the  behavior  of  this  device  on  a moderately 
swept  wing.  (See  reference  38.)  It  will  be  noticed  that  in  this 
example  the  slat  had  to  be  extended  over  approximately  50  percent  of 
the  wing  semispan  before  the  desired  stable  pitching  moment  at  the 
stall  was  attained.  Inasmuch  as  the  leading— edge  slat  modifies  the 
span  loading  along  the  wing  it  might  be  expected  that  the  optimum 
extent  of  flap  for  a particular  configuration  would  depend  on  the  wing 
plan  form  and  the  location  of  the  wing  on  the  fuselage. 
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of  tail  location.-  THe  attainment  of  satisfactory  pitchinj- 

wlng-fuaol^ge  comtinatim  does  not 

guarantee  that  the  configuration  with  a horizontal  tail  added  will  also 
■hp  qatiafactory  iiie  oi:itiEium  location  oi  the  tail  must  usually  be 
eSSnSally.  Figure  7 which  Is  taken  fro.  reference  39 
illustrates  a case  -.’iiere  the  basic  winig-f uselage  pitching  moment  ^ 
iiiafiS  was  satisfactory  but  the  resultant  pitching-moment  behavior 
with  the  tail  in  position  was  unsatisfactory,  it  is  generally  easier, 
lowevef  to  knd  a tail  location  that  will  result  in  satisfactory 
stability  for  the  complete  configuration  if  the  basic  wing-fuselage 
coSinatLn  also  possesses  a stable  pitching-moment  variation  at  the 

stall. 


CONCLUDING  EEMAEKS 


It  must  constavit.].;/  be  borne  in  mind  that  even  if  ample  rigid 
model  vind-tunnel  data  are  available  on  which  to  base  predi^ions  oi 
stability,  the  effects  of  aeroelastic  distortion  may  result  in  the 
airplane  having  compietely  different  char-acteristics _ from  «iose 
estimated.  Some  of  the  effects  of  elevator-fabnc  distortion  are 
indicated  for  examnle,  in  reference  i+0.  At  the  same  time  the  ^^.sic 
^oncS^f  of  rta^ility  discussed  still  apply  and  if  wind-tunnel  data 
on  an  aeroelasticall:/  similar  model  were 

estimates  could  be  made.  There  is,  however,  a great  deal  ol  research 
necessary  before  satisfactory  methods  of  predicting  aeroelastic 

effects  can  be  developed. 
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TABLE  I 


TYPE 

CRITERION 

STICK- 

POSITION 

STABILITY 

STATIC  MARGIN  WITH  ELEV.  FIXED 

STICK- 

FORCE 

STABILITY 

STATIC  MARGIN* -(4^^  WITH  ELEV.  FREE 

STICK- 

POSITION 

MANEUVERING 

STABILITY 

MANEUVER  MARGIN*-  ^ +K 

VdCi  /u 

WITH  ELEV.  FIXED 

STICK - 
FORCE 

MANEUVERING 

STABILITY 

/ dCm  \ 

MANEUVER  MARGIN --  I +K 

V dCL  7m 

WITH  ELEV.  FREE 

A€®. 


DUE  TO 
POWER 


Figure  1.-  Downwash  correlation  for  single -engine  tractor  airplanes 
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Figure  4.-  Effect  of  dive-recovery  flap  on  airplane  pitching -moment 

characteristics. 


"1  \ 
I \ 


SWEEPBACK,  A,  DEG 


Figure  5.-  Pitching -moment  behavior  of  sweptback  wings. 


Figure  6.-  Effect  of  leading-edge  slats  on  pitching -moment  characteristics 
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Figure  7.  - 


Effect  of  tail  on  pitching -moment  characteristics  at  stall. 
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SUMMARY 


An  investigation  has  been  made  to  determine  the  longitudinal 
stability  characteristics  of  a complete  model  equipped  with  a variable- 
sweep  wing  at  angles  of  sweepback  of  45°,  30°,  15°,  arid.  0°.  The 
investigation  was  directed  toward  the  study  of  various  wing  modifications 
and  an  external— flap  arrangement  designed  to  minimize  the  shift  in  neutral 
point  accompanying  the  change  in  sweep  angle. 

The  results  indicated  that  stability  at  the  stall  was  obtained  at  a 
sweep  angle  of  15°  without  recourse  to  stall— control  devices.  The  basic 
neutral— point  movement  accompanying  the  change  in  sweep  angle  from  45° 
to  15°  amo’onted  to  56  percent  of  the  mean  aerodynamic  chord  (at  zero  sweep 
angle)  and  the  most  effective  modification  investigated  only  reduced  this 
change  to  4?  percent  of  the  chord.  It  appears,  therefore,  that  for  designs 
in  which  the  fuselage  is  the  major  load-carrying  element  some  relative  move- 
ment between  the  wing  and  center  of  gravity  will  be  required  to  assure 
satiafacLory  sLabilll^  al  all  sweep  angles. 

INTRODUCTION 


Tne  use  of  swept  wings  on  high-speed  airplanes  has  introduced  serious 
longitudinal—  and  lateral— stability  problems  at  low  speeds.  Many  high- 
lift  and  stall— control  devices  have  been  investigated  in  an  attempt  to 
improve  the  low-speed  characteristics  of  highly  swept  wings  but  no  com- 
pletely satisfactory  solution  has  been  found.  One  obvious  method  for 
avoiding  the  low— speed  problems  associated  with  highly  svept  wings 
would  be  to  employ  a wing  whose  sweep  angle  could  be  varied  in  flight. 

Thus,  for  maximum  high-speed  flight  and  optimum  cruising  performance, 
the  wing  could  be  adjusted  to  any  desired  sweep  angle;  whereas,  for  the 
landing  condition,  the  sweep  angle  could  be  decreased  to  an  angle  that 
would  assure  satisfactory  low— speed  characteristics  without  recourse  to 
stall— control  devices. 

The  present  paper  presents  the  results  of  a wind-tunnel  Investigation 
of  a complete  model  equipped  with  a wing  whose  sweep  angle  could  be  varied 
for  the  purpose  of  studying  various  wing  modifications  designed  to  decrease 
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the  large  forward  movement  of  the  neutral  point  that  was  found  in 
reference  1 to  accon^jany  the  decrease  in  sweephack.  Much  of  the  hasic 
data  is  presented  in  reference  1 hut'  in  that  paper  the  pitching-moment 
coefficients  are  based  on  the  mean  aerodynamic  chord  associated  with 
each  sweep  angle  and  the  assumed  pitching-moment  reference  axis  was 
at  25  percent  of  the  mean  aerodynamic  chord  for  each  sweep  eingle.  In 
the  present  paper  a common  chord  and  common  reference  axis  were  used 
in  computing  the  pitchingwnoment  coefficients  for  all  sweep  angles 
investigated. 


COEFFICIEBTS  AUD  SYMBOLS 


The  results  of  the  tests  are  presented  as  standard  HACA  coefficients 
of  forces  and  moments.  Pitching-moment  coefficients  are  given  about  the 
center— of— gravity  location  shown  in  figure  1 (25  percent  of  the  mean 
aerodynamic  chord  at  0°  sweep).  The  data  are  refeirred  to  the  stability 
axesj  the  positive  directions  and  angular  displacements  are  shown  in 
figure  2. 

The  coefficients  and  symbols  are  defined  as  follows: 


lift  coefficient  (Lift/qS) 

CLo 

tall-off  lift  coefficient 

cx 

longitudinal— force  coefficient  (x/qS) 

Cm 

pltching-^noment  coefficient  (M/qSc’) 

q 

free-stream  dynamic  pressure,  pounds  per  square  foot  (pV^/2) 

s 

wing  area  without  cutout,  square  feet 
angle  of  sweep) 

(varies  with 

St 

horizontal— tail  area,  square  feet 

c 

airfoil  section  chord,  feet 

c* 

wing  mean  aerodynamic  chord  (l.l8l  ft 

> 

II 

o 

o 

°t 

wing  tip  chord  measured  peirallel  to  plane  of  symmetry,  feet 

‘^r 

wing  root  chord  at  plane  of  symmetry. 

feet 

b 

wing  span,  feet 

V 

air  velocity,  feet  per  second 

NACA  EM  LSBI8 


3 


P 

a 

A 

Q 

h 

\ 

6f 


mass  density  of  air,  slugs  per  cuMc  foot 

angle  of  attack  of  fuselage  center  line,  degrees 

angle  of  sweepback  of  guarter— chord  line  of  wing,  degrees 

downwash  angle,  degrees 

angle  of  stabilizer  with  respect  to  fuselage  center  line, 
degrees 

wing  taper  ratio  (c-t/c^ 
flap  deflection,  degrees 


tall— off  aerodynamic— center  location,  percent  wing  mean 
aerodynamic  chord  for  A = 0° 


n_ 


neutral— point  location,  percent  wing  mean  aerodynamic  chord 
for  A = 0° 


MODEL  AND  APPARATUS 


The  model  used  In  this  Investigation  (fig.  1)  had  wing  panels  which 
could  be  rotated  about  a point  on  the  quarter— chord  line  to  angles  of 
sweepback  of  ^5°,  30° j 15°^  and  0°.  At  45°  sweep  the  wing  tips  were 
parallel  to  the  plane  of  symmetry.  The  geometric  characteristics  of  Lhe 
model  are  tabulated  in  table  I.  The  model  is  shown  mounted  on  a single- 
support  strut  in  the  Langley  300  MPH  7—  by  10— foot  tunnel  in  figure  3. 
Details  of  the  various  wing  modifications  investigated  are  given  In 
figure  4 and  table  I.  Photographs  of  the  model  with  the  external  air- 
foil flaps  Installed  = 40°^  are  presented  in  figure  5. 

Structural  limitations  of  the  model  wing  determined  the  maximum 
chordwlse  dimensions  of  the  cutout  which  was  completely  enclosed  within 
the  fuselage  at  45°  sweepback. 


TESTS 

Test  Conditions 


The  tests  were  made  at  a dynamic  pressure  of  30  pounds  per  square 
foot,  which  corresponds  to  an  airspeed  of  about  I08  miles  per  hour.  The 
test  Reynolds  number  was  approximately  1.2  x 10^  based  on  the  wing 
chord  of  1.181  feet  (c’  at  A = 0°).  The  degree  of  tiirbulence  of  the 
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tunnel  is  not  known,  but  is  believed  to  be  small  because  of  the  large 
contraction  ratio  (l4  to  l) . 

The  aerodynamic  coefficients  for  all  configurations  were  based  on 
the  wing  area  without  cutout.  All  pitching-moment  data  were  based  on  a 
chord  of  1.181  feet  (c*  at  A = 0°). 


Corrections 

The  data  have  not  been  corrected  for  tares  caused  by  the  model- 
support  system  inasmuch  as,  with  the  arrangement  used,  the  tares  are 
believed  to  be  small.  Jet— boundary  corrections  have  been  applied  to  the 
angles  of  attack,  the  drag  coefficients,  and  the  tall— on  pltching-^noment 
coefficients.  The  corrections  were  computed  by  use  of  reference  2,  which 
unpublished  calculations  have  indicated  to  be  satisfactory  for  sweep  anises 
up  to  45°. 

All  forces  and  moments  were  corrected  for  blocking  by  the  method  given 
in  reference  3.  An  Increment  of  longitudinal-force  coefficient  has  been 
applied  to  account  for  the  horizontal  buoyancy. 


RESULTS  AND  DISCUSSION 


The  basic  aerodynamic  characteristics  of  the  model  are  presented  in 
figures  6 to  9*  The  longitudinal— stability  parameters  are  presented  in 
figures  10  to  I5.  For  convenient  reference,  an  outline  of  the  summary 
figures  presenting  the  results  is  given  as  follows: 


Figure 


Variable  sweep: 

(a)  Effect  of  sweep  10 

(b)  Effect  of  faired  cutout 11,  12.  and  11 


(c)  Effect  of  vertical  location  of 

horizontal  tall  12(a),  12(b),  12(c),  12(d),  and  14 

Modifications  to  model  with  15°  sweep: 


(n)  Basic  tail  position 

1.  Effect  of  cutout  profile  euid  size 12(a) 

2.  Effect  of  flap  deflection 12(c) 

3.  Effect  of  sharp  leading  edge 12(e) 

4.  Effect  of  wing  vane 12(f) 

(b)  Alternate  tail  position 

1.  Effect  of  faired  cutout 12(c),  12(d) 

2.  Effect  of  flap  deflection 12(d) 


Comparison  of  basic  configuration  with  most  favorable 
modifications  
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Basic  Configurations 

Effect  of  sveep  angle,  ving  without  cutouts.-  The  destahillzlng 

movement  of  the  neutral-point  location  as  the  ving  sveep  angle  vas 
decreased  amounted  to  about  2 percent  of  the  chord  (c*  at  A = 0°)  per 
degree  change  in  sveep  angle  (fig,  10) . Inasmuch  as  the  parameters 
affecting  the  tail  contribution  to  stability  shov  relatively  minor 
variations  vith  sveep  angle,  it  vould  appear  that  the  shift  in  neutral 
point  is  primarily  associated  vith  the  geometric  movement  of  the  ving— 
aerodynamic-center  position  as  the  ving  is  rotated.  Up  to  about  35°  of 
sveep  angle  the  experimental  rate  of  variation  of  neutral  point  vith 
sveep  angle  is  in  good  agreement  vith  that  estimated  from  the  simple 
geometric  consideration  that  the  centroid  of  lift  on  each  ving  panel 
acts  at  25  percent  of  the  mean  aerodynamic  chord  of  the  ving  at  each 
sveep  angle. 

For  the  30°  and  45°  sveep  configurations,  an  unstable  variation  of 
pitching-moment  coefficient  vith  lift  coefficient  at  the  high  lift 
coefficients  is  indicated  (figs.  8 and  9)j  vhereas,  for  0°  and  15°  configu- 
rations, stable  pltching-^oment  characteristics  vere  obtained  in  the 
vicinity  of  the  ’maximum  lift  coefficient. 

Effect  of  sveep  angle,  ving  vith  faired  cutout.-  if  a cutout  is 

alloved  to  develop  at  the  Juncture  of  the  ving-root  trailing  edge  and 
the  fuselage  as  the  ving  sveep  angle  is  decreased  (figs.  1 and  4), 
significant  changes  in  the  stability  characteristics  exhibited  by  the 
model  can  occur.  It  vas  anticipated  that  the  cutout  vould  move  the  ving— 
aerodynamic-center  position  forvard  somevhat  but  that  the  dovnvash  field 
in  the  vicinity  of  the  horl^.ontel  tall  vould  be  changed  in  such  a Tnnrrno'r* 
that  the  over-all  stability  of  the  model  would  be  increased.  The  extent 
to  vhlch  these  effects  vere  manifested  at  various  sveep  angles  is  indi- 
cated in  figures  11  to  I3. 

A study  of  these  data  indicates  that  the  faired  cutout  afforded 
somewhat  greater  stability  than  the  configurations  having  no  cutout  but 
the  over-all  effect  on  stability  is  small  compared  to  the  large  changes 
produced  by  the  geometric  movement  of  the  ving  aerodynamic  center.  The 
effects  on  the  stability  parameters  were  greatest  at  0°  sweep  and  decreased 
as  the  sweep  angle  was  increased.  The  tail  contribution  to  stability  at 
sweep  angles  of  0°  and  15°  was  increased  considerably  because  of  favorable 
flow  changes  at  the  tall  but  this  beneficial  effect  was  partially  canceled 
by  the  forward  movement  of  the  wing  aerodynamic  center  caused  by  the 
cutouts . 


The  effect  of  the  faired  cutout  on  the  neutral— point  position  for  all 
sweep  angles  is  summarized  in  figure  I5. 
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Effect  of  vertical  location  of  the  horizontal  tall.—  Decreasing  the 

height  of  the  horizontal  tall  above  the  vlng  from  the  basic  position  to 
the  alternate  position  (fig.  l)  showed  little  effect  on  np  for  the 

configurations  Investigated  (figs.  12(a),  12(b),  and  l4) . The  stability 
was  slightly  lower  at  the  higher  lift  coefficients  with  the  tall  In  the 
alternate  position  owing  mainly  to  a less  favorable  downwash  gradient. 

Modifications  to  Model  with  15°  Sweepback 

Inasmuch  as  the  configuration  with  15°  sweepback  possessed  favorable 
stability  characteristics  at  the  stall,  this  configuration  was  adopted  as 
the  basic  low-speed. arrangement  and  various  modifications  were  investigated 
in  an  attempt  to  reduce  the  large  (0.56c*)  basic  shift  In  neutral  point 
accompanying  the  reduction  In  sweep  from  h-5°  to  15°. 

Effect  of  cutout  profile.—  The  effects  of  various  cutout  arrangements 

are  presented  in  figure  12(a).  From  stability  considerations,  the  faired 
cutout  appeared  to  be  superior  to  the  unfaired  cutouts  and  this  arrange- 
ment was  used  for  the  majority  of  tests  with  cutouts. 

Effect  of  external  airfoil  flaps.-  In  an  effort  to  compensate  for  the 

forward  movement  of  the  wing  aerodynamic  center  caused  by  the  cutout  and 
at  the'  same  time  Introduce  a field  of  upwash  in  the  vicinity  of  the  cutout, 
tests  were  made  of  a configuration  employing  essentially  full-span  external 
flaps  (figs.  4 and  5).  The  results  obtained  for  the  various  arrangements 
tested  are  presented  in  figures  7(c),  7('i)>  12(c),  and  12(d).  A comparison 
of  these  results  with  those  for  the  configuration  without  flaps  (figs.  7(a), 
7(b),  12(a),  and  12(b))  indicate  that  the  flap  caused  an  additional  rearward 
movement  of  the  neutral  point  of  only  about  0.02c*  (A  = 0 ).  The  flap 
arrangement  which  was  used  in  this  investigation  was  not  a particularly 
effective  one,  however,  as  is  indicated  by  the  rather  low  lift  and 
pitching-moment  Increments  produced  by  the  flap.  (Compare  figs.  7(&) 
with  7(c).)  It  is  possible  that,  with  a well-designed  extensible-elotted-flap 
arrangement,  the  rearward  neutral— point  movement  resulting  from  the 
deflected  flap  for  the  configuration  with  the  wing  cutout  would  be  consider- 
ably Increased. 

Sharp  leading  edge  and  wing  vane.—  Several  sharp— leading— edge  sections 

and  wing  vanes  mounted  on  the  inboard  sections  of  the  wing  panel  were 
investigated  in  an  attempt  to  reduce  the  lift  on  this  portion  of  the  wing 
and  thereby  increase  the  stability  by  reducing  the  downwash  gradient. 

None  of  these  modifications  changed  the  stability  characteristics  appreciably. 
TypiceuL  results  obtained  with  the  sharp  leading  edge  euid  wing  vane  are 
presented  in  figures  12(e)  and  12(f). 
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Design  Considerations 


The  variation  of  the  static  longitudinal  stability  characteristics 
with  sweepback  and  model  configuration  is  summarized  in  figure  I5.  It 
is  evident  that  a combination  of  cutouts  and  flaps  can  aid  in  minimizing 
the  forward  neutral— point  movement  as  the  sweep  angle  is  decreased 
to  15  but  that  translation  of  the  wing  is  required  to  compensate  for  the 
greater  portion  of  the  neutral— point  movement.  For  the  sweep  range 
investigated  it  would  be  necessary  to  translate  the  wing  rearward 
roughly  0.5c*  (A  = 0 ) as  the  sweep  angle  is  decreased  to  15°  in  order 
to  maintain  a constant  location  of  the  neutral  point.  It  is  probable 
that  a sweep  angle  greater  than  I50  30°)  would  be  satis- 

factory from  low-speed  stability  considerations.  If,  for  a particular 
design,  the  extent  of  longitudinal  wing  translation  is  limited,  the 
^^um  sweep  angle  for  which  adequate  low-speed  stability  character- 
istics are  attainable  should  be  determined  from  wind-tunnel  experiments. 

Although  the  incorporation  of  a wing  capable  of  translation  as  well 
as  rotation  affords  formidable  structural  problems,  the  potential  aero- 
dynamic rewards  incident  to  their  solution  are  significant.  The  ability 
to  adjust  the  sweep  angle  in  flight  not  only  makes  it  possible  to  utilize 
the  most  efficient  sweep  angles  for  high  speed  and  cruising  performance 
but  assures  stability  in  the  landing  configuration  without  recourse  to 
wing  slots  or  other  stall— control  devices.  The  more  efficient  moderately 
swept  higher-aspect-ratio  wing  used  for  the  landing  condition  can  also  be 
equipped  with  conventional  high-lift  devices  and  thus  provide  minimum 
landing  speeds.-  The  wing  sweep  angle  could  be  adjusted  in  flight  for 
optimum  cruising  configuration,  and  for  the  highest  sweep  angles  the  wing 
can  be  translated  to  compensate  partly  for  the  stability  changes 
usually  encountered  ab  the  higher  Mach  numbers  with  swept  wings. 

It  appears  from  low-speed  stability  data  that  the  cutout  formed  at 
the  wing-fuselage  Juncture  as  the  wing  is  rotated  forward  is  beneficial. 

If  high  speeds  are  contemplated  with  intermediate  sweep  angles,  however 
model  tests  at  higher  Mach  numbers  will  be  required  to  evaluate  the  effect 


The  amount  of  wing  translation  required  is  also  dependent  on  the  mass 
distribution  of  the  airplane  arid  the  location  of  the  wing  pivot  point.  The 
weight  of  the  wings,  the  location  of  wing  fuel  tanks  as  well  as  fuel  tanks 
in  other  parts  of  the  airplane,  and  the  plan  for  emptying  the  fuel  tanks 
in  flight  must  be  considered  in  evaluating  the  stability  of  the  airplane. 

In  the  case  of  a varlable-sweepback  flying  wing,  for  example,  the  center  of 
gravity  would  move  almost  as  much  as  the  aerodynamic  center  of  the  wing.  A 
study  of  the  unlimited  configurations  that  could  utilize  center-of— gravity 
movements  created  by  expendable  fuel  and  moving  structural  elements  is 
however,  beyond  the  scope  of  this  paper. 
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CONCLtBIOlB 


The  results  of  a low— speed  wind-tunnel  investigation  of  a con5)lete 
model  having  a variable-sweep  wing  which  was  tested  at  30°,  15°, 

and  0°  sweepback  indicated  the  following  conclusions: 

1.  Stability  at  the  stall  was  obtained  for  the  conf iguration 
with  15°  sweepback  without  recourse  to  stall— control  devices. 

2.  The  shift  in  neutral  point  as  the  sweep  was  varied  from  ^5° 
to  15°  was  decreased  from  56  percent  of  the  chord  (c*  at  A = 0°)  in 
the  original  case  to  47  percent  by  the  most  effective  combination  of 
the  modifications  tested. 

3.  It  seems  unlikely  that  satisfactory  stability  for  all  flight 
conditions  can  be  achieved  with  a variable— sweep  wing  without  recourse 
to  relative  translation  between  the  wing  and  the  center  of  gravity  of 
the  airplane. 


Langley  Aeronautical  Laboratory 

National  Advisory  Committee  for  Aeronautics 
Langley  Air  Force  Base,  Va. 
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TABLE  I 

PHySICAL  CHAEACTERISTICS  OF  THE  VAEIABLE-^BWEEP  MOEGSL 

Center  of  gravity,  all  sweep  angles,  percent  chord  (c*  at  A = 0°)  . 25 

Wing: 

Boot  and  tip  sections  MCA  65i-110(a  = 1.0) 

Incidence  (root  chord  to  center  line  of  fuselage),  degrees  ....  0 


Sweep, 

A 

(ieg) 

Area 
(sq  ft) 

Span 

(ft) 

c 

(ft) 

Aspect 

ratio 

Taper 

ratio 

Cutout  area 

(sq  ft) 

.. 

Faired 

Large 

0 

8.67 

8.35 

l.l8l(c*) 

8.04 

0.50 

0.24 

0.37 

15 

8.40 

7.75 

1.181 

7.15 

.49 

.16 

.25 

30 

8.13 

6.76 

1.181 

5.62 

.48 

.06 

.12 

45 

7.80 

5. -37 

1.181 

3-69 

.46 



Horizontal  tail: 

Airfoil  section MCA  6>-008 

Total  area,  sq  ft 1.625 

Span,  ft • 2.85 

Aspect  ratio  5,0 

Taper  ratio O.5O 

External  airfoil  flap: 

Airfoil  section  23012 

Span,  percent  wing  span  at  A = 15°  64.5 

Chord,  percent  c*(a=  0°) 14.1 
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Figure  2.—  System  of  axes  and  control— surface  hinge  moments  and 
deflections.  Positive  values  of  forces,  moments,  and  angles 
are  indicated  by  arrows.  Positive  values  of  tab  hinge 
moments  and  deflections  are  in  the  same  directions  as  the 
positive  values  for  the  control  surfaces  to  which  the  tabs 
are  attached. 
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?’igure  3*~  Varla'ble— sweep  model  mounted  on  single— support  strut  in  3OO  MPH  7—  by  10— foot  tunnel. 

A = 45°;  real’  view. 


NACA  RM  L9B18 


15 


Figure  4.-  Details  of  wing  modifications. 
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(a)  Front  view 


Figure  5.—  Variatle-eweep  model  moiinted  on  single— support  strut  with 
faired  cutout  and  external  airfoil  flaps.  A = 15°. 
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Figiire  5.—  Concluded. 


Angk  of  ofhck^  oc^  de^  Fdch/n^-mcm&nf  coefficiQnf 
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'A  O d .6  IZ 

Z//7  coefficienf  Q 


Figure  6.—  Aerodynamic  characteristics  of  a varlahle— sweep  model  with 
and  without  faired  wing  cutout.  A = 0°. 


Long ! fad /nah force  ooefficienf^  Q 


Anp/e  ofoMxk^  cc,  deg  Piiching-/7?Q^enf  ccefficienf,  Q 
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(a)  Basic  tail  position. 

Figure  7.—  Aerodynamic  characteristics  of  a variahle— sveep  model  with 
and  without  wing  cutouts.  A = 15°. 
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L/ff  coeff/c/en/, 
(a)  Concluded. 


Figure  7.—  Continued. 


v/'udina/-'force  ccefficieni^  Cx 
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Lff  coefficient^  Ci^ 

("b)  Alternate  tail  position, 
Figirre  7.—  Continued. 


Longitudinal -force  coefficient  C/ 
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Lif~t  coefficient  Q 


(e)  Sharp— lead injf-odge  wing  section. 
Figure  7.—  Continued. 


Lon^itudinol-forcQ  coefficient 
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Figure  11.—  Longitudinal— etaMlity  parameters  of  a variatle— sweep  model 
with  and  without  faired  wing  cutout,  A = 0°. 


Hor/zo/Tbf-fat/  ef^fr/enes5.^r/^ 


3h 


NACA  RM  L9B18 


(a)  Basic  tall  position. 

Figure  12,—  Longitudinal— stability  parameters  of  a Tariable— sweep  model 
with  and  without  wing  cutouts,  A = 15°, 
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(a)  Concluded. 


Figure  12.—  Continued. 


NACA  EM  L9318 
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("b)  Alternate  tall  position. 
Figure  12,—  Continued, 
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L/ff  coeff/c/er?/;  Q 7d/f~cff  //ff  coefficieni-  Q 

(c)  Ertemal  airfoil  flaps. 

Figure  12.—  Continued. 
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L/ff- coefficient  Ci_  Idil-off  hff  coefficient 


(d)  Exrtemal  airfoil  flaps,  alternate  tall  position. 


Figure  12,—  Continued. 
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(e)  Sharp-leading-edge  wing  section 
Figure  12  4—  Continued. 
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(f)  Wing  Tane. 
Figure  12.-  Concluded. 
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Figure  13-—  Longitudinal— etablll'ty  parameters  of  a variable— sweep  model 
with  and  without  faired  wing  cutout,  A = 30°, 
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Figure  l4o—  Longitudinal— et ability  parameters  of  a variable— sweep  model 
with  two  horizontel— tail  positions o A = 45°.. 
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Figure  15 •—  Tariatlon  of  longitudinal  stability  with,  sweepback  and  model 

configuration. 
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NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS 
RESEARCH  MEMORANDIM 

ESTIMATED  TRANSONIC  FLYING  QUALITIES  OF  A TAILLESS 
AIRPLANE  BASED  ON  A MODEL  INVESTIGATION 
By  Charles  J.  Donlan  and  Richard  E.  Kuhn 

SUMMARY 


An  analysis  of  the  estimated  flying  qualities  of  a tailless  airplane 
with  the  wing  quarter-chord  line  swept  hack  35°  in  the  Mach  number  range 
from  0.40  to  0.91  has  been  made^  based  on  tests  of  a model  of  this  air- 
plane in  the  Langley  high-speed  7“  hy  10- foot  tunnel. 

Tne  analysis  indicates  longitudinal- control  position  instability  at 
transonic  speeds  but  the  accompanying  trim  changes  are  not  large . Control- 
position  maneuvering  stability,  however,  is  present  for  all  speeds. 
Longitudinal  and  lateral  control  appear  adequate,  but  the  damping  of  the 
short-period  longitudinal  and  lateral  oscillations  at  high  altitudes  is 
poor  and  would  probably  require  artificial  damping. 


INTRODUCTION 


Stability  and  control  tests  of  a tailless-type  swept-wing  airplane 
model  have  been  conducted  in  the  Langley  high-speed  7-  by  10-foot  tunnel 
through  the  Mach  nmber  range  from  0.40  to  0.91*  The  flying  qualities 
that  might  be  expected  from  such  an  airplane  have  been  estimated  from 
these  data  for  assumed  wing  loadings  of  24  and  34  pounds  per  square  foot 
at  sea  level  and  at  an  altitude  of  40,000  feet-  All  computations  are 
based  on  a center- of- gravity  position  of  17  percent  of  the  mean  aero- 
dynamic chord. 

The  estimated  flying  qualities  of  the  airplane  are  presented  in  the 
body  of  the  paper  and  in  figures  1 to  23*  A discussion  of  the  wind- 
tunnel  tests  is  presented  in  the  Appendix  and  the  data  are  presented  in 
figures  24  to  4l. 


COEFFICIENTS  AND  SYMBOLS 


The  system  of  axes  employed,  together  with  an  indication  of  the 
positive  forces,  moments,  and  angles,  is  presented  in  figure  1. 
Pertinent  symbols  used  in  this  paper  are  defined  as  follows: 
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"D 


'I 


Cy 

Cn 


q 

s 

c 

c 

Td 

V 

P 

r 

q 

a 

M 

R 

P 

P 

a 

^static 

6 


»V2 

2 


lift  coefficient  (Lift/qS) 
drag  coefficient  (Drrag/qS) 

pitching-moment  coefficient  (Pitching  moment/qS5) 
rolling-moment  coefficient  (Rolling  moment/qSb) 
aide-force  coefficient  (Side  force/qS) 

;^awing-moment  coefficient  (Yawing  moment/qSh) 

free-stream  dynamic  pressure,  pounds  per  square  foot  ( 
wing  area 

/ pt/2 

wing  mean  aerodynamic  chord  (M.A.C.)  c = - / p2.-, 

V sjo  “ 

chord,  parallel  to  plane  of  symmetry 
wing  span 

air  velocity , feet  per  second 
rolling  velocity,  degrees  or  radians  per  second 
yawing  velocity,  radians  per  second 
pitching  velocity,  radians  per  second 
speed  of  sound,  feet  per  second 
Mach  number  (v/a) 

Reynolds  number  ( 

absolute  viscosity,  pounds- seconds  per  square  foot 
mass  density  of  air,  slugs  per  cubic  foot 

angle  of  attach,  measured  from  X-axis  to  fuselage  center 
line,  degrees 

angle  of  attack  of  model  under  no-load  conditions 

control  deflection,  measured  on  chord  line  parallel  to  the 
plane  of  s^inmetry,  degrees 

angle  of  yaw,  degrees 
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p angle  of  sideslip,  radians 

T|  angle  of  attack  of  principal  longitudinal  axis  of  airplane, 

positive  when  principal  axis  is  above  flight  path  at  the 
nose,  degrees 

g angle  between  fueselage  center  line  and  principal  axis  of 

Inertia,  positive  when  fuselage  center  line  is  above 
principal  axis,  degrees 

y angle  of  flight  path  to  horizontal  axis,  positive  in  climb, 

degrees 


l/d 

lift- drag  ratio  (cL/Cp^ 

w/s 

wing  loading  (Weight/S) 

C^nijf  = 

8Cy 
- 84^ 

8Cy 
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dC_ 

p n 

Cy  = i- 

<i) 

% = ^ 


p — 21 

Cniq  = 


radius  Of  gyration  in  roll  stout  tody  axes,  feet 
radius  Of  gyration  in  pitch  stout  body  axes,  feet 
radius  of  gyration  In  yau  about  tody  axes,  feet 


Subscripts : 

^ aileron 

^ left 

^ right 


model  and  aieplane 


«8hter!typ:X"w!""Se%X"3?c^  Jet-propelled, 

model  are  presented  in  figure  2 and  -nio+  ^^stics  of  the  solid-steel 
the  sting-support  systems  used  for  this  iwe-ti  mounted  on 

figure  3.  Eor  the  portions  of  analyses  fnZ  Presented  in 

dimensions  were  required,  a model  scale  of  O^'oR  airplane 

surfaces,  which  are  plain  flaps  with  sLiJd  ^ assumed.  The  control 
longitudinal  and  latLi  cLSS  |ad^  nised 

the  model.  Air  flow  through  the  iet-intivya  J were  not  simulated  on 

tests,  and  one  of  the  exh^st  porte^  permitted  for  all 

te  seen  in  figure  3(a).  " together  with  its  mirror  image,  can 


COWEIDENTIAL 


MCA  EM  L9D08 


COMFIDEMTIAL 


5 


BASIS  OF  ANALYSIS 


(refereScri?  I ""  satisfactory  flying  qualities 

preference  1)  has  been  used  as  a guide  In  the  present  analysis.  However 

Inasmuch  as  the  analysis  is  restricted  to  the  high-speed  configuration  ' 
without  regard  to  control  forces  (no  model  hinge-moment  data  were 

of  IhrJLn^n  f interest  centers  about  tfie  behavior 

P ne  a speeds  above  those  at  which  adverse  compressibility 
fects  are  encountered,  no  detailed  step-by-step  comparison  with  the 
specifications  has  been  attempted. 

The  estimated  characteristics  of  the  aircraft  at  each  Mach  number 

ar^rtest^p''  the  results  of  tunnel  tests  at  the  same  Mach  number  but 
at  the  test  Eeynolds  number  indicated  in  figure  k.  The  full-scale 

OOoTer'  “S  to  flight  at  sea  level  and  at  araltltude 

^ are  also  shown  in  figure  k.  No  attempt  was  made  to 
account  for  Eeynolds  number  effects  in  interpreting  the  results  It  Is 

at  hl^  Bejnolda 

the  bulh  of  the  Lta 

^^^ticai  range  of  Eeynolds  number. 


results  and  discussion 

Performance 


conditions.-  The  variations  with  Mach  number  of  the  lift 
coeificient  required  for  level  flight  for  the  various  wing  loadings  and 
Itltudes  considered  in  the  anaO^sis  are  given  in  figure  5 and  the 
L°"Se?S  angle-of-attack  variation  is  given  in  figure  6.  Figure  6 

for^S^lSerertT  Lf  Ph^lMation  of  the  principal  axes  of^ertla 
ior  the  different  flight  conditions.  It  will  be  observed  that  the  angle 

of  attack  for  level  flight  at  sea  level  for  the  lighter  wing  loading  ^ 
becomes  sli^tly  negative  at  the  highest  Mach  numbers . Thif  condition 

of  zero  lift  effected  by  ' 

the  deflected  elevator  required  for  balance.  ^ 

^ft-drag  ratios.-  The  variation  of  the  untrlmmed  lift-drag  ratios 
at  the  various  Mach  numbers  as  a function  of  the  lift  coefficient  is 
presented  in  7.  It  will  be  observed  that  the  lift  coefficient 

for  maxima  L/d  is  essentially  independent  of  Mach  number,  althoSS 
e magnitude  of  the  available  L/D  maximum  drops  rather  rapidly  above 
a .Mach _ number  of  0.80.  The  level-flight  L/D  values  associ^d  with 
the  tri^ed^light  conditions  defined  in  figure  5 are  presented  in 

fofl^fim’v  aj^antages  to  be  gained  by  flying  at  high  altitude  are 
iorcefully  illustrated  by  this  figure. 
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Longitudinal  Stability  and  Control 


Strictly  speaking  the  elevator  deflections  for  the  various  conflgu~ 
rations  discussed  in  the  following  paragraphs  are  slightly  in  error  (about 
1/3  of  a deg  too  much  doAm  elevator)  because  the  data  used  in  the  analysis 
were  not  corrected  for  the  additional  pltching-moiiient  correction  discussed 
in  the  appendix. 


Static  longitudinal  stability. - The  static  longitudinal  stability 
of  the  airplane  Is^  presented  in  figure  9 in  the  form  of  the  variation  of 
the  elevator  position  req^ulred  for  trim  with  Mach  number.  Control- 
position  instability  is  first  manifested  at  a Mach  number  of  0-90  at  sea 
level  and  at  a Mach  number  of  O.85  at  an  altitude  of  40,000  feet.  The 
causes  of  the  control-position  instability  exhlbiued  above  these  Mach 
numbers  are  traceable  to  the  rapid  changes  occurring  in  the  basic 
untrlmmed  pitching-moment  coefficient  (fig.  10(a))  and  to  the  changes 
in  control  effectiveness  (fig.  10(b)).  The  resultant  changes  in  trim, 
however,  appear  to  be  relatively  gradual  and  of  moderate  magnitude,  at 
least  to  a Mach  number  of  0-91,  and  may  not  be  objectionable. 

A rigorous  evaluation  of  the  neutral-point  location  (^center-of- 

gravity  position  for  which  = 0^  at  these  Mach  numbers  would  indeed 

indicate  that  the  control -fixed  neutral  point  moves  well  ahead  of  the 
center-of-gravity  position.  However,  the  utility  of  the  neutral-point 
concept  largely  vanishes  when  Irregular  and  rapid  changes  in  trim  occur. 
The  desired  information  on  static  longitudinal  stability  appears  to  be 
most  directly  conveyed  through  charts  like  figure  9. 


Maneuvering  stability. - For  tailless  aircraft  which  possess  very 


little  damping  in  pitch,  the  factor 
stick-fixed 


'M 


very  nearly  defines  the 


maneuver  margin  - the  distance,  expressed  as  a fraction  of 
the  chord,  that  the  center  of  gravity  is  ahead  of  the  "maneuver  point." 
(ihe  maneuver  point  is  the  center-of-gravity  position  for  which  the  rate 
of  change  of  control  deflection  with  normal  acceleration  vanishes.) 


The  variation  of  the  maneuver -point  location  with  Mach  number  is 
presented  for  several  lift  coefficients  in  figure  11.  It  is  evident 
that  the  maneuver  point  moves  rearward,  in  general,  at  the  higher  Mach 
numbers.  However,  because  of  the  norainearitles  involved  in  the  evalu- 
ation of  the  maneuver  point,  its  influence  can  be  studied  more  con- 
veniently in  conjunction  with  the  evaluation  of  the  effectiveness  of  the 
longitudinal  control. 


Longitudinal-control  effectiveness. - The  amount  of  elevator  control 
required  for  various  accelerated-flight  conditions  is  presented  in 
figure  12.  For  flight  at  sea  level  (figs.  12(c)  and  12(d)),  only 
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about  1 of  elevator  la  required  to  produce  a 6g  acceleration  at  a Mach 
nmber^of  O.85.  The  elevator  must  always  be  moved  in  the  desired 
direction,  however,  as  would  be  expected  from  the  maneuver- point  movement 
previously  discussed  (fig.  ll) . The  minimum,  degree  of  stick- position 
maneuverlnc  stabUlty  that  can  be  tolerated  will  depend  on  the  associated 
stick-force  gradient.  A small  stick- position  gradient,  however,  may  make 
it  difficult  to  design  the  control  system  to  supply  an  adequate  force 
gradient  and  still  keep  the  maximum  control  force  for  other  conditions 
within  the  capabilities  of  the  pilot.  At  altitude  of  40,000  feet 
(figs.  12(a)  and  12(b)),  much  larger  control  deflections  are  required  for 
the  accelerated-flight  conditions  which  makes  the  design  of  the  control 
system  even  more  critical. 

I^namic  stability.-  The  characteristics  of  the  stick-fixed  short- 
period  longitudinal  oscillation  are  presented  in  figures  I3  to  16.  The 
computations  are  based  on  the  formulas  of  reference  2 and  the  appropriate 
par^eters  in  table  I.  While  it  is  desirable  that  the  short- period 
oscillation  be  damped  to  one- tenth  amplitude  in  one  cycle,  it  is  obvious 
from  figure ^16  that  this  tailless  design  would  not  meet  such  a requlre- 
ment  at  altitude.  For  the  altitude  case,  it  is  seen  that  an  oscillation 
of  about  40  percent  of  the  original  amplitude  still  persists  after  one 
complete  oscillation.  At  sea  level,  on  the  other  hand,  the  damping  of 
the  oscillation  appears  to  be  adequate. 


The  doping  characteristics  have  been  evaluated  for  the  control- 
fixed  condition^altho'ogh  the  specifications  are  based  upon  free  controls. 
However,  if  an  irreversible  control  system  were  used  on  this  airplane 
the  fixed- control  characteristics  would  dictate  the  behavior  of  the  ^ 
aircraft. 


Lateral  Stability  and  Control 


Lateral  stability  parameters.-  Because  of  the  absence  of  any  rudder 
data  from  which  trimmed  yawed  conditions  could  be  evaluated,  the  direc- 
tional and  lateral  stability  will  be  adjudged  from  the  stability  parameters 
presented  in  figure  I7.  In  general,  the  data  Indicate  adequate  static 
lateral  stability . It  will  be  noted,  however,  that  the  speed  brakes 
decrease  the  directional  stability  and  produce  a slight  negative  dihedral 
effect  (negative  ) at  the  highest  Mach  numbers. 


Lateral  control.-  The  lateral- control  characteristics  of  the  air- 
plane are  presented  in  figure  I8  in  the  form  of  the  variation  with  Mach 

number  of  the  wing- tip  helix  angle  ^ obtained  with  various  total 

aileron  deflections.  The  helix  angle  was  computed  from  the  simple 

1 C 7 

relation  — using  the  aileron  rolling-moment  data  presented  in 
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figure  3^+  and  the  damping  characteristics  given  in  figure  18.  The 
damping  coefficients  were  estimated  hy  the  method  of  reference  3.  Some 
unpublished  experimental  C^p  data  indicate  that  for  this  wing  plan 
form  the  theoretical  values  are  in  good  agreement  with  experiment. 

The  rate  of  roll  expressed  in  degrees  per  second  is  presented  in 
figure  19.  Aeroelastic  distortion  effects  would  undoubtedly  decrease 
the  rates  of  roll  from  those  indicated  in  figure  19,  but  in  any  event 
the  rates  of  roll  should  be  extremely  high.  It  will  be  noted  that  as 
in  the  case  of  longitudinal  control,  lateral- control  effectiveness  begins 
to  decrease  rapidly  at  the  highest  Mach  numbers . 


evident  from  the  extremely  rapid  rates  of  roll  possible  on 
this  airplane  that  ttie  limiting  rate  of  roll  will  probably  be  conditioned 
by  the  pilot  s ability  to  withstand  the  angular  accelerations  Imposed. 


dynamic  ^ stability . Using  the  parameters  presented  in  table  I,  the 
characteristics  of  the  control-fixed  lateral  oscillations  have  been 
evaluated  by  the  method  of  reference  4 and  are  presented  in  figures  20 
to  23.  The  values  of  C^p  presented  in  this  table  are  slightly  differ- 
ent from  those  given  in  figure  I8,  but  the  effect  of  this  difference  on 
the  dynamic  stability  characteristics  was  found  to  be  negligible. 


It  will  be  noted  from  figure  23  that  the  damping  of  the  oscillation 
is  marginal  for  the  sea-level  conditions  and  is  definitely  unsatisfactory 
for  the  altitude  conditions  according  to  the  desired  damping  criterion 
set  forth  in  reference  1.  If  flight  tests  on  airplanes  of  this  type 
subsequently  demonstrate  the  real  need  for  additional  damping,  the 
simplest  way  to  provide  for  it  would  be  to  introduce  artificial  damping 
into^the  system  in  the  form  of  rudder  control  coupled  to  a gyroscope 
sensitive  to  yawing  velocity  as  discussed,  for  example,  in  reference  5. 


A check  on  spiral  stability  was  also  made  for  the  conditions  stated 
in  figure  20.  It  was  found  that  spiral  instability  was  present  at  a 
Mach  number  above  0.9,  but  the  degree  of  spiral  instability  was  so  slight 
that  the  time  required  for  the  angle  of  bank  to  increase  10  percent  was 

of  the  order  of  1 minute  at  an  altitude  of  40,000  feet  and  4 minutes  at 
sea  level. 


CONCLUSIONS 


analysis  of  the  transonic  flying  qualities  to  be  expected  from 
a tailless  airplane  in  the  Mach  number  range  from  0.40  to  0 .91  based  on 
a model  investigation  Indicates  the  following  conclusions : 

1.  The  airplane  would  exhibit  longitudinal  control- position 
instability  at  transonic  speeds  but  the  accompanying  trim  changes  at 
these  speeds  should  not  be  large . 
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2.^ Control-position  maneuvering  stability  would  be  present  at  all 
speeds  investigated  although  the  control-position  gradient  may  be  as 
high  as  6g  s per  degree  of  elevator  deflection  at  low  altitudes . 

3*  The  damping  of  the  short-period  longitudinal  oscillation  at 
high  altitudes  would  be  less  than  desired. 

if.  The  damping  of  the  lateral  oscillation  at  high  altitude  would  be 
very  poor  and  would  probably  require  artificial  damping. 

5"  Longitudinal  and  lateral  control  appear  to  be  adequate  at  all 
speeds  investigated. 


Langley  Aeronautical  Laboratory 

National  Advisory  Committee  for  Aeronautics 
Langley  Air  Force  Base,  Va. 
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appendix 

WIND-TUNNEL  INVESTIGATION 
Tests 


Sco^.-  The  tests  covered  a Mach  number  range  of  O.kO  to  0-91  and 

r^e  of  0°  to  10°.  Yaw  tests  were  conducted  through 

SctS  tTo%o"  f I'O^ltudlnal-oontrol  testa  were  con- 

It  i ^ elevator  deflection  through  the  angle -of -attack 

^d  Mach  number  ra^e,  and  aileron-control  tests  covered  ^8°  to  l8.9° 

rSr  ?L°ef^  a^la-of-attack  and  M^h  nLber 

a^laterS  °^°Py.  and  speed  brakes  on  the  longitudinal 

and  lateral  stability  and  control  was  also  investigated. 

teqt  Reynolds  number  with  Mach  number  for  average 

IrJhr^eqer.  I^esented  in  figure  k.  The  size  of  the  model  u^e^ 

iumSr  S about  ® corrected  tunnel  choking  Mach 

cSL  IS  indicated  that,  with  this  value  of 

nu^^e^^o?Sor?91.  " corrected  Mach 

Support  system.  - The  model  was  supported  by  a sting  extending  from 

fuselage  to  a vertical  strut  located  behind  the  model. 

Thf  t^f?orcef  I t °n  this  system  is  shown  in  figure  3(a). 

b?  moSJlS  the  detfimiined 

tL  model  on  two  wing  supports  which  were  also  attached  to 

° ‘ ^ wing-alone  tests  the  method  that  was  employed  to  obtain^ 

pitching-moment  tares  was  found  to  give  unreliable  resu!?s7  ConseoSenS? 

presented  in 

^ yaw  wore  changed  by  the  use  of  Interchangeable 
the  stings  behind  the  model.  Deflections  of  t^support 
system  under  load  were  detenalned  ftrom  static -loading  tests. 

and  results  have  been  corrected  for  tare  forces 

? produced  by  the  support  system.  However,  there  are  «Tn»n 


^““’corrected  “ psesonted  ' 

^'^^'oorructed  ” ^°^*pir-ooi>ntcsd  ' 
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The  Jet-boundary  corrections  to  the  lift  and  drag  were  computed  by 
the  method  of  reference  6.  The  Jet-boundary  corrections  to  other 
components  were  considered  negligible. 

The  drag  has  been  corrected  for  the  buoyancy  produced  by  the  small 
longitudinal  static-pressure  gradient  in  the  tunnel.  All  coefficients 
and  Mach  numbers  were  corrected  for  blocking  by  the  model  and  its  wake 
by  the  method  of  reference  7- 


EESULTS  AND  DISCUSSION 


The  results  of  the  wind-tunnel  tests  are  presented  in  the  following 
figures . The  pitching- moment  coefficients  are  presented  about  a center 
of  gravity  located  at  17  percent  of  the  mean  aerodynamic  chord. 


Basic  Force  Data: 

Longitudinal  - 

Pitch  tests ^ effect  of  control  deflection^  spewed  brakes, 

fins,  canopy,  and  wing- alone  data  

Lift- curve  slope  

Curves  of  ( ) 

\oCl,'m 

Control  effectiveness  parameter  

Lateral  - 

Yaw  tests,  effect  of  speed  brak-’S,  fins,  canopy,  and 

wing-alone  data  

Lift  coefficient  of  yaw  tests  

Lateral- stability  derivatives  

Lateral-control  tests  

Effect  of  aileron  deflection  on  drag  

Effect  of  fins  on  aileron  effectiveness  

Miscellaneous  Data: 

Tuft  studies  of  flow  over  wing  

Speed-brake  configurations  - 

Drawing  of  fuselage  brakes  

Tuft  studies  

Effect  on  lift,  drag,  and  pitching  moment  

Drag  increments  


Figure 


2t.,  26 

'-T 

I 


28 

29 

30,  31 


37 

'■i8 

39 

to 

! 


Lon{;<;ltudinal  stability  and  control.-  The  aerodynamic  characterl:;  Llcs 
in  pitch  of  the  model  and  various  components  are  presented  in  figures  24, 
2u,  and  26.  For  these  tests  a cluster  of  static  and  total  head  tul  es 
was  installed  in  the  right,  duct  to  measure  the  flow  during  teste.  Tiif- 
inlet- velocity  ratios  measured  wera  small  compared  to  those  wliicti  aight 
be  expected  in  flight j however,  calculations  have  indicated  that  ^nly  a 
small  pitching  moment  results  from  turning  the  inle  t air  througri  ' ti^  ■ 
angle  of  attack  at  the  duct  inlet. 
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Visual  observation  of  tufts  indicated  no  external  flow  separation 
from  the  duct  inlets  at  any  Mach  number  at  low  angles  of  attack.  At  the 
highest  angle  of  attack,  however,  a local  separation  from  the  upper 
surface  of  the  duct  lip  was  observed  at  Mach  numbers  as  low  as  O.hb 

(fig-  37). 


The  elevator  effectiveness  parameter  Cmg  (fig.  10(b))  was  deter- 
mined from  cross  plots  of  the  data  from  figure  24  and  is  defined  as  the 
slope  of  the  pitching- moment  coefficient  plotted  against  elevator- 
deflection  curve  at  zero  elevator  deflection.  The  pitching-moment  coeffi- 
cient was  found  to  var^y  linearly  with  deflection  through  the  deflection 
range  at  the  lower  Mach  numbers.  At  large  deflections  the  effectiveness 
was  somewhat  reduced  at  the  higher  Mach  numbers ■ 

The  effectiveness  parameter  I (fig.  29)  is  based  on 

^0°  to  4.4° 

data  obtained  from  elevator  deflections  0°  and  -4.4°  only. 

Lateral  stability.-  The  variation  of  lateral- stability  characteristics 
with  Mach  mmiber  (astatic  = 0°  and  6°)  for  several  configurations  of  the 
model  are  presented  in  figures  30  and  31-  During  the  test  runs  in  which 
these  data  were  obtained,  the  lift  coefficient  varied  as  Indicated  by  the 
curves  in  figure  32.  The  angle-of-attack  change  from  the  wind-off  static 
values  (astatic  = 0°  and  6°)  was  caused  by  the  deflection  of  the  support 
system  under  aerodynamic  load  and  is  indicated  by  the  values  of  the 
actual  angle  of  attack  shown  in  figure  32 . 

Lateral  control.-  Most  of  the  test  results  presented  are  for  the 
complete ^model  configuration  consisting  of  the  wing,  fuselage,  canopy, 
and  vertical  tails  (figs.  34  and  35)*  Several  tests,  however,  were  made 
with  the  vertical  tails  removed  (fig.  36)  and  these  data  are  uncorrected 
for  the  small  changes  in  angle  of  attack  of  the  model  caused  by  deflection 
of  the  sting-support  system.  The  data,  however,  can  be  compared  with 
those  of  figure  34  Inasmuch  as  the  lateral  characteristics  are  not 
particularly  sensitive  to  angle  of  attack  in  this  range  • 

It  is  of  interest  to  note  that  at  low  angles  of  attack  there  is  an 
appreciable  favorable  yawing  moment  accompanying  the  large  negative 
aileron  deflections  at  all  Mach  numbers  and  that  this  yawing  moment 
decreases  with  Increase  of  angle  of  attack.  A study  of  the  data  indicates 
that  this  favorable  yawing  moment  is  attributable  to  the  side  force  on 
the  vertical  fins  induced  by  the  deflected  aileron.  The  decrease  in 
yawing  moment  with  increase  in  angle  of  attack  is  probably  caused  by  the 
variation  with  angle  of  attack  of  the  incremental -drag  coefficient 
produced  by  the  aileron.  (See  fig.  35.) 


Speed-brake  modifications.-  Tuft  studies  of  the  flow  over  the  model 
with  the  original  speed  brakes  (fig.  39(a))  Indicated  bad  separation  of 
the  flow  over  the  vertical  fins,  particularly  the  inboard  surface,  over 
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most  of  the  Mach  number  range.  In  an  effort  to  improve  this  condition, 
other  speed-brake  configurations  (fig.  38)  were  tested.  On  the  basis  of 
these  tuft  observations  (figs.  39(b),  39(c),  and  39(d)),  it  appeared 
that  all  the  modifications  tested  eliminated  the  poor  flow  conditions 
evident  at  the  vertical  fin  with  the  original  configuration. 

The  effect  of  these  speed-brake  configurations  on  the  aerodynamic 
characteristics  in  pitch  is  presented  in  figure  40  for  a static  angle 
of  attack  of  1.8°.  The  variation  of  the  drag  Increments  (ACr) , produced 
by  the  various  speed  brakes,  with  Mach  number  is  presented  in  figure  4l . 
It  is  evident  from  these  data  that  the  modified  wing  brakes  produced 
considerably  larger  drag  increments  than  the  fuselage  brakes . 
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TABLE  II.  COOEDINATES  OF  SYMMETSICAL 


AIRFOIL  SECTION 


dimensions  in  percent  of  wing  chord  parallel 
to  plane  of  symmetry  of  win^ 


station 

Upper-  and  lower- svirface  | 
or  dina  te  1 

0 

0 

.5871 

1.0958 

.8803 

1.3226 

I.I166I 

1.6687 

2.926k 

2.2597 

5.8297 

2.9981 

8.7103 

3.4923 

11.5680 

3.8626 

17.215^+ 

4.3929 

22.7728 

4.7516 

28.2409 

4.9951 

33.6203 

5.1488 

38.9118 

5.2322 

44.1160 

5.2200 

49.2336 
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Figure  3.—  Photographs  of  the  test  model. 
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SOME  EFFECTS  OF  SWEEPBACK  AND  AIRFOIL  THICKNESS  ON  LONGITUDINAL 
STABILITY  AND  CONTROL  CHARACTERISTICS  AT  TRANSONIC  SPEEDS 
By  Charles  J . Donlan  and  Arvo  A.  Luoma 
Langley  Aeronautical  Laboratory 

INTRODUCTION 


The  accumulation  of  information  on  the  longitudinal  stability  and 
control  characteristics  of  complete  transonic  airplane  configurations 
has  proceeded  less  rapidly  than  other  phases  of  aerodynamic  research 
because  of  the  difficulties  involved  in  obtaining  such  data  in  the 
transonic  speed  range.  Current  information  is  largely  based  on  the 
results  of  a few  specific  rocket  model  configurations  (also  the  following 
paper  by  Clarence  L.  Gillis)  and  a few  wind-tunnel  investigations  of 
complete  models  (references  1 to  3),  plus  whatever  qualitative  guidance 
can  be  provided  from  a number  of  wing-flow  and  transonic-bump 
investigations  (references  k to  10).  In  the  present  paper  an  attempt  has 
been  made  to  piece  together  some  of  this  information  in  a form  that  might 
indicate  whether  or  not  a consistent  pattern  of  behavior  exists  in  regard 
to  effects  of  airfoil  thickness  and  sweepback  on  over-all  stability  and 
control  characteristics  at  transonic  speeds. 

It  is  generally  expected  that  airplane  designs  employing  wings  of 
low  aspect  ratio  should  encounter  less  severe  stability  and  control 
difficulties  in  the  transonic  speed  range  and^  consequently,  most  of  the 
investigations  that  are  useful  for  studying  the  effects  of  sweep  and 
airfoil  section  on  stability  and  control  characteristics  have  been 
conducted  on  configurations  employing  wings  of  low  aspect  ratio. 


STRAIGHT -WING  CONFIGURATIONS 


Scope . - The  three  straight-wing  thodels  shown  in  figure  1 represent 
similar  but  not  identical  configurations.  All  three  models  possessed 
somewhat  different  fuselage  shapes  but  the  plan  forms  of  the  wings  and 
tail  as  well  as  the  tall  location  were  about  the  same.  Model  A was  a 
complete  configuration  that  was  investigated  at  high  subsonic  Mach  numbers 
in  the  Langley  8-foot  hi^-speed  tvinnel  and  model  B was  a complete 
configuration  investigated  through  the  transonic  range  as  a rocket  model. 
The  major  difference  between  the  models  is  found  in  the  thickness  ratios 
of  airfoil  sections  employed.  Model  C was  not  actually  a complete  model 
at  all  but  rather  a synthetic  configuration  produced  by  combining  wing- 
fuselage  aerodynamic  characteristics  obtained  from  bump  tests  with  the 
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measured  do»n»ash  and  uake  characteristics  appropriate  to 

“ll  arrangement.  Models  C and  B had  the  same  airfoil  sections  for  the 

wing  and  tail. 

Rt.n-hiMtv  characteristics.-  The  variation  of  the  stabilizer  Required 

-rch'Sha^enuire^s^t^^ScSf/t— 

Sis  airinterestlng  to  find  that  the  synthetic  hu^ 

O')  employing  essentially  the  same  ving  and  tail  as 
i^Ll  aSo1r1S?ed  small  and  gradual  trim  changes  throughout  the  Mach 

number  range . 

The  lower  part  of  figure  2 illustrates  one  manner  in  which 
maneuvering  stability  may  influence  the  amount 

■u  The  Variation  xn  control  required  ror  xg  ana  b 

SiSt  for  midel  A is  almost  identical.  Only  the  curves  for  Ig  and  2g 
Si®sL^  herf  Lt  actually  similar  variations  were  found  for  higher 
accelLated  flight  conditions  also.  With  a control  characteristic  of 
+VviB  v-lnd  particularly  if  the  stick-force  variation  follows  a similar 
natter  - the  pilot  may  easily  experience  abrupt  accelerations  as  a result 
of  slight  inadvertent  Mach  number  changes.  The  behavior  exhibited  y 
n T c on  othpr  hand  is  much  more  desirable  inasmuch  as  accelera- 
loJs  ^misrbHrfdu^LTcoIr:!  movement  and  cannot  arise  from  slight 
inadvertent  changes  in  Mach  number. 

The  reasons  for  the  superior  characteristics  exhibited  by  the  ’models 
ijitb  the  thinner  wings  and  tail  surfaces  are  fotmd  in  the  hehavio 

ciabilitv  components.  Unfortunately,  breakdown  information  of 
ISillnd  is  lacLng  for  model  B,  hut  such  a hreakdown  study  has  been 
made  for  models  A and  C and  is  presented  in  figure  i. 

qtabilitv  analysis.-  Figure  3 summarizes  all  the  information 

-n  1 tc  the  ansilYsls  of  configurations  having  nonlinear  stabili  y 
essential  to  the  amlgis  ol^con  stability  components  vary 

SrMaSlumbe;  for  the  particular  flight  f 

in  Which  these  components  combine  of  as  the 

three  factors  on  the  left  - Cm^,  ^ . . 

primary  components  and  the  three  factors  on  the  right  ‘ ‘ 

tl  as  the  derived  components.  The  factor  or  is  the  angle  ol 
+L  taiwielative,  of  course,  to  the  local  flow  direction) 
requLed  to  balance  the  wing-fuselage  pitching-moment  coefficient 

at  each  value  of  Mach  number.  Nonlinearities  in  the  f " 

of  the  tail  itself  are  manifested  directly  in  this  quantity  also. 


factor  (a  - e)  Is  the  local  flow  angularity  existing  at  the  tail 
and  i-j;,  of  course,  is  merely  j^orp  - (a  - and  represents  the  amount 

the  stabilizer  must  be  adjusted  to  produce  the  angle  of  attack  ajp 
relative  to  the  local  flow  direction  (a  - e).  If  the  models  possessed 
linear  variations  of  a,  and  e with  all  the  factors  shown 

should  vary  in  a gradual  hyperbolic  manner  with  M in  the  absence  of 
compressibility  effects.  It  is  evident  that  model  A exhibited  more 
marked  Irregularities  in  all  components  than  model  C.  Model  A is  a 
particularly  useful  one  for  illustrating  the  complexity  of  the  problem. 
Inasmuch  as  “T  exhibit  specific  irregularities 

of  their  own,  the  values  of  i-^  at  each  Mach  number  represent  only  one 
of  several  values  that  might  have  resulted  from  combinations  of  these 
variables.  For  example,  the  rapid  rise  in  the  effective  downwash 
angle  e at  M = 0.90  has  been  traced  to  local  interference  effects 
between  the  vertical  fin,  the  horizontal  tall,  and  the  fuselage  rather 
than  to  the  wing  itself  (reference  2) . Yet,  because  of  compensating 
effects  in  other  components,  the  over-all  variation  of  in  the  Mach 
number  range  considered  is  less  with  this  interference  effect  than  it 
would  have  been  without  it.  Thus,  a configuration  can  be  conceived  of 
that  has  excellent  stability  and  trim  characteristics  as  a whole  despite 
the  fact  that  individual  components  may  Indicate  rather  erratic 
behavior . Such  fortxxnate  compensating  circumstances  are  obviously 
difficult  to  anticipate,  however,  and  satisfactory  characteristics  are 
more  likely  to  be  obtained  if  the  basic  stability  ccxnponents  vary  less 
violently  with  Mach  number  as,  for  example,  occurred  for  the  model  with 
the  thinner  wing  and  tail. 


SWEPT -V/ING  CONFIGURATIONS 


A similar  study  of  the  effect  of  wing  thickness  on  the  stability 
characteristics  of  a swept-wing  configuration  for  which  Langley  8-foot 
high-speed-tunnel  results  and  rocket -model  results  are  available  is 
shown  in  figure  U. 

Models. - The  wind-tunnel  and  rocket  models  are  designated  as 
models  A and  B.  These  models  were  of  identical  geometry  except  for  the 
sweepback  of  the  horizontal  tail.  For  the  sake  of  comparison  a bump 
model  has  been  added.  The  bump  model  had  a somewhat  different  fuselage 
but  had  essentially  the  same  plan  form  of  the  wing  and  tail  and  approxi- 
mately the  same  tail  height  and  tail  length  as  models  A and  B.  The  main 
difference  between  the  models  is  again  in  the  thickness  of  the  air- 
foils employed.  The  airfoil  for  models  A and  B is  designated  as  normal 
to  the  0.30-chord  line.  The  tip  section,  however,  corresponds  to  a 
streamwise  thickness  ratio  of  about  10  percent  as  compared  with  the 
6-percent  wing  of  model  C. 


stability  characteristics.-  The  ^LrwLt 

assumed  flight  plan  indicat^that  the 

raTJid  irregular,  and  large  trim  changes  in  the  transonic  range. 
S-tu^el^^iodei  (model  A)  indicated  am  initial 
model  B but  occurring  at  a slightly  higher  Mach 

no  data  were  available  in  the  critical  transonic  range  but  the  point 
at  M = 1 2 is  consistent  with  the  trends  indicated  by  the  rocket  mode  . 
The  absolute  differences  in  trim  between  models  A ^d  B imy  ^ 

Le  to  the  difference  In  tall  plan  form  and  tS 

much  of  it  is  believed  to  be  nuier  at  which 

■rof'Vpt  model.  This  may  account  also  for  the  earner  macu  iium 

SS  chaSs  occurred  on  the  rocket  model.  Model  C with  the  thi^er 
urofile  appeared,  on  the  other  hand,  to  be  free  of  rapid  and  larg 
SS  ctonJer?^  the  tranaonlc  range.  An  analysis  of  the  exponent  data 
avallable^for  models  A and  C indicated  that  for  this  case  the  super! 

bl^iior  of  model  C was  associated  with  lass  ^ 

at  the  tail  and  less  irregular  lift  characteristics  of  the  thinner 

horizontal  tail. 


EFFECT  OF  SWEEP 


A comparison  of  the  wind-tunnel  re^ts  for  mo^l  A 
the  straight-wing  model  of  similar  thickness  as  shown  in  fi^e  2 would 

have  indicated  some  improvement  due  to  sweep,  J^^es^lts 

the  delay  in  initial  trim  changes.  On  the  basis  of  the  Umited^results 

given  in  figure  4,  however,  it  appears  that  airfoi  T+-  -ic, 

taMrtant  ttet  it  may  completely  mask  any  effects  of  sweep.  It  is 
SrortSl  ^Lrefore"  in  evaluating  the  effects 
config^ations  hav^g  airfoil  secti^ 

fr::2laSe  Z ZIZTTZL\^V  tests  of  the  confi^ations  shown 

in  figure  5- 

Methods  - The  models  were  tested  as  wings  alone  and  as  wing-fuselage 
comblnatioTS  and  some  of  the  basic  force  and  '^“e 

well  as  the  downwash  and 

discussed  in  the  paper  entitled  The  Lif  , Transonic 

Characteristics  of  Wings  and  Wing-Body  Combinations  in  the  Transonic 
Speed  Range"  by  Edward  C.  Polhamus  and  in  a subsequent  paper ^enti  l^d^ 

"Downwash  and  Wake  Characteristics  at  Transonic _ Speed  ^ ^ 

..5  DoT-nVi  P PI  pi  of  As  for  the  present  analysis,  an  attempt  nas  seen 

iSi^aS^s1ho!^VcoSinSg“L'w^ 

zBzizrzzzzz  ii  zzzzzzzziz 

Ssh^tota  were  available  for  a number  of  vertical  positions  the  study 


was  also  extended  to  Include  the  effect  of  tail  height.  It  is  realized 
that  this  procedure  of  adding  together  component  data  does  not  take 
account  of  any  interference  effects  at  the  tail  hut  may  serve,  neverthe- 
less, to  Indicate  qualitative  trends,  particularly  for  thin  wings  where 
these  interference  effects  are  not  so  pronounced.  The  calculations, 
which  are  si^arized  in  figure  6,  were  made  for  level  flight  for  one 
flight  condition  and,  except  for  the  6o®  case,  the  center  of  gravity  was 
selected  to  provide  a static  margin  of  about  0.10  at  zero  lift.  For  the 
60  configuration  it  was  necessary  to  adopt  a larger  static  margin  - 
about  0.30  - because  the  unstable  break  in  the  wing  pitching -moment  data 
occxirred  at  a smaller  lift  coefficient. 

Stability  characteristics.-  The  most  interesting  result  of  these 
calculations  is  that  for  this  series  of  wings  of  aspect  ratio  4 and 
6-percent  thickness  ratio  there  was  no  particular  sweep  angle  or  tail 
height  that  was  outstandingly  superior  to  the  others.  The  least  trim 
changes  encountered  did  seem  to  occur  for  the  35°  configuration,  particu- 
larly for  the  highest  tail  position,  but  all  the  configurations  appear 
to  be  quite  satisfactory.  It  will  be  necessary,  of  course,  to  extend  such 
studies  to  include  accelerated  flight  conditions  to  establish  definitely 
the  superiority  of  any  one  configuration.  Such  studies,  however,  must 
await  the  acquisition  of  data  at  higher  lifts,  and  particularly  at  higher 
Reynolds  numbers  and  these  investigations  are  now  underway. 

The  discussions  of  stability  and  control  thus  far  have  considered 
the  use  of  an  all-moving  tail  as  the  longitudinal  control.  If  an  elevator 
control  is  used  the  accompanying  trim  changes  will,  in  general,  depend  on 
the  particular  stabilizer  setting  employed.  This  effect  is  illustrated 
in  figure  7. 


EFFECT  OF  ELEVATOR  CONTROL 


The  example  selected  to  illustrate  the  effect  of  elevator  control 
is  the  zero-sweep  configuration  of  figure  6,  although  the  i^  variation 

for  the  configuration  shown  in  figure  7 is  for  a tail  height  of  0.20^. 

The  elevator  angle  required  for  trim  for  two  stabilizer  settings  also  has 

been  computed  by  using  flap-effectiveness  data  obtained  by  the  transonic - 

bump  method  on  a 0.30c  full-span  flap  (reference  ll).  The  reason  for 

the  different  trim  characteristics  exhibited  by  the  elevator  control  is 

traceable  to  the  effectiveness  characteristics  shown  on  the  right  side 

of  the  figure.  This  figure  shows  the  manner  in  which  the  tail  lift  due 

to  angle  of  attack  Cj^^  and  the  tail  lift  due  to  flap  deflection  Ct 

a 

vary  with  Mach  number,  expressed  as  a fraction  of  their  values  at  M = O.8O. 
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If  the  Cl  variation  with  M were  identical  to  the  Cl^  variation  - 

that  is,  if  the  ratio  Cl./Ci^  were  constant  - the  elevator  trim  curves 

would  he  found  to  have  identical  variations  ^^Y^^tnrnrorJhr"^^ 
he  merely  displaced  from  one  another  by  an  amoiint  dependen 

f/i.  inasmuch  as  the  ratio  a/5  is  unlikely  to  be  a constant 
With  Mach  number  it  appears  that  the  trim  changes  obtained  with  elevator 
Sntrol  caHlways  be  expected  to  depend  on  the  particular  value  of 
stabilizer  used  and,  hence,  also  on  the  particular  flight  plan  employe  , 
and,  perhaps,  on  the  piloting  technique  itself. 

SUMMARY 


In  recapitulation,  the  limited  results  obtained  thus  far  suggest 
that  a thin  wing  is  of  paramoiint  importance  in  securing  minimum  stabil  y 
Sf  conSS  Sigas  at  Lansonlc  speeds  and  that  if  t"'  f ^ 
tail  are  thin  enou^  the  effects  of  sweep  on  the  over-all  stability  a 
^oiirorch^LLriSics  at  transonic  speeds  may  be  of  secondary  import^ce. 
The  beneficial  effects  of  sweep  do  increase,  however,  as  the  wing 
•t  yoaapq  Tt  annears  also  from  aerodynamic  considerations  alone  th 
all  moving  tail  is  to  be  preferred  as  the  longitudinal  control  instead  of  an 
elevator  control  if  stability  and  control  chairacteri sties  are  to  be  les 
dependent  on  particular  flight  conditions  and  piloting  techniques. 
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Figure  1.-  Straight-wing  models. 
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Figure  5.-  Systematic-sweep  series. 


Figure  6.-  Stability  characteristics  of  systematic-sweep  series 
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SUMMARY 


A comparison  is  made  of  the  high-speed  aerodynamic  characteristics 
of  a family  of  four  wing-fuselage  configurations  of  0°,  ^5°^  and 

60°  sweepback  as  determined  from  transonic -bump  model  tests .in  the 
Langley  high-speed  7-  by  10-foot  tunnel,  sting-supported  model  tests  in 
the  Langley  8-foot  high-speed  tunnel  and  in  the  Langley  high-speed  7- 
by  10-foot  tunnel,  and  rocket  model  tests  conducted  by  the  Langley 
Pilotless  Aircraft  Research  Division.  A complementary  study  of  the 
effect  of  Mach  niimber  gradients  a.nd  streamline  curvature  on  bump  results 
is  also  included. 

It  was  found  that  qualitatively  the  data  obta.ined  from  the  various 
test  facilities  for  the  wing-fuselage  configurations  were  in  essential 
agreement  as  regards  the  relative  effects  of  sweepback  and  Mach  number 
except  for  drag  at  zero  lift.  Quantitatively,  important  differences 
were  present.  Lift -curve  slopes  as  determined  from  bump  tests  tended 
to  be  somewhat  higher  than  sting-model  data  indicated,  with  consequent 
differences  occurring  in  drag  due  to  lift.  Fuselage -alone  drag  and 
wing-fuselage  drag  as  obtained  by  the  bump  method  were  found  to  be 
unreliable  particularly  at  Mach  numbers  a.bove  1.0,  but  wing-alone  drag 
data  were  found  to  be  in  surprisingly  good  agreement  with  available 
rocket  model  data  throughout  the  transonic  speed  range.  Aerodynamic- 
center  position  a,s  determined  from  bump  data,  was  generally  more  rearward 
than  sting  data  indicated,  especially  for  the  60°  configuration.  Some 
of  this  effect  has  been  attributed  to  the  effects  of  Mach  number  gradi- 
ents and  flow  curvature  over  the  bump.  It  was  evident,  however,  that 
for  conf igura.tions  for  which  aeroelastic  effects  were  important  the 
relative  flexibility  of  the  models  used  in  the  various  facilities 
accounted  for  pa,rt  of  the  differences  in  results. 
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INTRODUCTION 


As  part  of  a transonic  research  program  recommended  by  an  NACA 
Special  Subcommittee  on  Research  Problems  of  Transonic  Aircraft  Design, 
a series  of  wing- fuselage  configurations  has  been  investigated  in  the 
Langley  hi^-speed  7-  Ly  10-foot  tunnel  using  the  transonic-bun^)  method. 
Publication  of  these  data  was  expedited  despite  uncertainties  concerning 
the  technique,  because  it  was  believed  that  such  data  would  at  least 
afford  qualitative  guidance  to  the  aircraft  designer.  While  direct  com- 
parison of  these  data  with  data  obtained  by  other  methods  is  still  limited 
recent  investigations  of  several  geometrically  similar  sting-supported 
models  of  this  series  in  the  Langley  8-foot  high-speed  tunnel  and  in  the 
Langley  high-speed  7-  10-foot  tunnel  permit  a comparison  of  the 
results  at  subsonic  Mach  numbers  up  to  approximately  0.95  and  at  a 
supersonic  Mach  number  of  1.2. 

The  purpose  of  this  paper  is  to  present  a comparison  of  bump  data 
and  sting- supported  model  data  for  four  wing-fuselage  configurations  of 
the  primary  transonic  series,  corresponding  to  the  0°,  35° ^ ^5°^  and 
60°  configurations  described,  respectively,  in  references  1,  2,  3^ 
and  I*-.  Included  in  the  data  for  the  45°  configuration  are  some  drag 
comparisons  at  zero  lift  obtained  from  a rocket  model  investigation 
conducted  by  the  Langley  Pilotless  Aircraft  Research  Division.  Some 
effects  of  aeroelasticity  are  also  discussed  inasmuch  as  such  effects 
are  important  in  comparing  data  obtained  from  different  test  facilities. 

The  paper  also  presents  the  results  of  a complementary  experimental 
investigation  conducted  in  the  Langley  high-speed  7~  4>y  10-foot  tunnel 
to  determine  the  extent  to  which  bump  model  results  are  affected  by 
such  factors  as  flow  curvature  and  Mach  number  gradients. 


SYMBOLS 


Cl 

Cd 

2iCd 

Cm 


<1 


lift  coefficient  (Twice  semispan  lift/qS  or 
drag  coefficient  (Twice  semispan  drag/qS  or 
total  drag  coefficient  minus  drag  coefficient 


Total  lift/qS) 
Total  drag/qS) 
at  zero  lift 


pitching -moment  coefficient,  referred  to  0.25'c 
(Twice  semispan  pitching  moment/qSc'  or 
Total  pitching  moment/qS’c) 


effective  dynamic  pressure  over  span 

o' 

square  foot 


of  model,  pounds  per 
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twice  wing  a.rea,  of  semispan  model  or  wing  area  of  full-span 
model 


mean  aerodynamic  chord  (M.A.C.)  of  wing  based  on  relationship 

I c dy  (using  theoretical  tip) 

0 


2 

S 


c local  v;ing  chord 

b twice  span  of  semispan  model  or  span  of  full-span  model 

y spanwise  distance  from  plane  of  symmetry 

p air  density,  slugs  per  cubic  foot 

V airspeed,  feet  per  second 

M effective  Mach  number  over  span  of  model 

local  Mach  number 

Ma  average  chordwise  local  Mach  number 

R Reynolds  ntmiber  of  wing  based  on  c 

a angle  of  atta,ck,  degrees 

L total  lift  load  on  wing,  pounds 

A angle  of  sweepbank,  relative  to  c/h  line 

Ai  effective  sweep  angle  at  any  spanwise  station,  referred 

to  c/1 

subscripts; 

L = 0 a.t  zero  lift 
m measured  va.iue 
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PART  I - BASIC  DATA  COMPARISON 

SCOPE 


A comparison  is  made  at  several  subsonic  Mach  numbers  (0.70,  O.8O, 
0.85,  0.90,  and  0.93)  and  one  supersonic  Mach  number  (approx.  1.2)  of 
the  lift,  drag,  and  pitching-moment  characteristics  of  four  wing- 
fuselage  combinations  of  0°,  35°>  45°,  and  60°  sweepback  as  determined 
from  transonic -bump  tests  of  semispan  models  and  sting- supported  wind- 
tunnel  models.  Most  of  the  transonic -bump  data  used  in  the  comparison 
have  been  taken  from  published  papers  (references  1 to  6),  although 
additional  bump  data  for  the  0°  and  45°  configurations  obtained  subse- 
quent to  the  original  investigations  are  presented  herein  for  the  first 
time.  The  wind-tunnel  data  for  the  45°  configuration  as  determined  in 
the  Langley  8-foot  high-speed  tunnel  were  taken  from  reference  7»  More 
complete  data  than  that  included  herein  for  the  other  sting- supported 
wind-tunnel  models  are  being  obta.ined. 

For  the  45°  configuration,  a comparison  of  the  drag  at  zero  lift 
is  also  made  with  the  results  of  a rocket  model  investigation  of  the 
same  configuration  (reference  8). 

For  the  45°  and  6o°  configurations,  static  deflection  measurements 
were  made  for  simulated  loading  conditions  and  estimated  aeroelastic 
corrections  were  evaluated  for  the  lift-curve  slope  and  aerodynamic- 
center  position  for  the  bump  models  and  sting- supported  models. 


REVIEW  OF  TEST  TECHNIQUES 


The  test  techniques  employed  in  obtaining  most  of  the  experimental 
data  Included  in  this  comparison  involve  two  basic  methods:  (l)  the 

transonic -bump  method  employing  semispan  models  and  (2)  the  conventional 
wind-tunnel  method  employing  full-span  sting-supported  models.  Repre- 
sentative Reynolds  nimibers  for  the  various  testing  facilities  are  given 
in  figure  1.  For  the  most  part,  only  the  essential  points  of  the  tech- 
niques will  be  reviewed  in  this  section,  inasmuch  as  appropriate  refer- 
ences will  afford  sources  for  details. 


Birnip  Tests 

Method. - The  transonic -bump  method  as  used  in  the  Langley  high- 
speed 7-  l>y  10-foot  tunnel  is  described  in  reference  1.  This  method  of 
testing  involves  the  placement  of  a small  model  in  the  high-velocity-flow 
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field  generated  over  a curved  surface  and  is  an  outgrowth  of  the  NACA 
wing-flow  method  (reference  9).  Typical  contours  of  local  Mach  numbers 
in  the  vicinity  of  the  model  location  on  the  bump  are  nlotted  in  fig- 
ure 2(a).  Outlines  of  the  A = 0°  and  A = 6o°  wings  ha,ve  been  super- 
imposed on  this  diagram  in  order  to  illustrate  the  extent  of  the  span- 
wise  and  chordwise  gradients  in  Mach  number.  In  practice,  no  attempt 
is  made  to  account  for  the  effects  of  these  gradients  apart  from  eval- 
uating the  effective  test  Mach  number  on  the  basis  of  the  relationship 

2 r b/2 

M = - / cMa  dy 


The  results  of  a complementary  investigation  conducted  primarily 
to  study  additional  effects  that  Mach  number  gradients  may  have  on  the 
aerodynamic  characteristics  as  determined  from,  bump  tests  are  discussed 
in  part  II  of  this  paper. 


The  model  is  a.tta,ched  to  an  electrical  strain-gage  balance  mounted 
inside  the  bump  and  is  so  arranged  that  the  gap  between  the  bottom  of 
the  fuselage  end  plate  and  the  bump  surface  is  about  }>/6h  inch.  The 
chamber  containing  the  balance  is  sealed  and  vented  to  an  orifice  on 
the  bump  such  that  the  sta,tic  pressure  in  the  chamber  is  roughly  the 
same  as  that  existing  over  the  bump.  A small  opening  of  a size  suffi- 
cient to  allow  an  angle -of -attack  range  of  about  l6°  is  cut  in  the 
vicinity  of  the  wing  butt  of  the  model.  This  opening  is  covered  by  the 
fuselage  and  its  end  plate.  A photograph  of  a typical  wing-fuselage 
model  configuration  mounted  on  the  bump  is  shown  in  figure  3(c). 

A unique  arrangement  (fig.  4)  is  used  for  measurements  of  the  dra.g 
at  zero  lift  in  order  to  minimize  leakage  and  to  avoid  the  use  of  an 
end  plate.  In  this  arrangement,  a foam-rubber  wiper  seal  is  attached 
to  the  model  and  rests  against  the  underside  of  the  cover  plate  and 
effectively  blocks  off  the  small  gap  (about  l/l6  in.)  around  the  root 
of  the  wing.  The  seal  pressure  must  be  carefully  adjusted  to  avoid 
friction  effects,  but  this  method,  in  general,  has  been  found  to  be 
more  satisfactory  for  drag  determinations  than  any  unsealed  arrangement. 

Models. - A drawing  of  the  four  bump  models  used  in  this  comparison 
is  given  in  figure  5,  Actually,  data  are  being  presented  for  six  bump 
models,  two  sets  each  ior  the  a = 0°  and  45'^  configurations  and  one 
set  each  for  A =^39°  and  60°  conf igura.tions . The  additional  models 
for  the  0 and  45°  configurations  were  constructed  for  the  complementary 
investigation  discussed  in  part  II  of  this  paper.  These  models  were 
made  of  steel  and  hence  were  stiffer  than  the  original  A = 0°  and  45° 
models  which  were  ma,de  of  beryllium  copper.  The  bump  data  for  these 
additional  tests  have  been  included  in  the  basic  comparison,  however, 
because  of  certain  discrepancies  in  results. 
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The  fuselage  used  was  made  of  brass  and  its  ordinates  are  given  in 
table  I.  It  was  bent  to  conform  to  the  bump  surface  as  indicated  on 
figure  5. 

The  various  bump  models  for  which  data  are  presented,  as  well  as 
the  references  from  which  the  data  were  taken,  are  summarized  in  the 
following  table; 


^c/4 

(deg) 

Designation 

Construction 

material 

Source 

0 

Model  1 
Model  2 

Beryllium  copper 
Steel 

Reference  1 
Unpublished 

35 

Model  1 

Beryllium  copper 

References  2 and  ^5 

45 

Model  1 
Model  2 

Berylliiim  copper 
Steel 

References  3 and  ^6 
Unpublished 

6o 

Model  1 

Steel 

Reference  4 

^■Since  the  publication  of  references  2 and  Z,  drag  at  zero 
lift  with  the  foam-rubber  seal  was  obtained  for  this 
model  and  subsequently  published  in  noted  reference. 


Corrections. - No  jet-boundary  corrections  have  been  applied  to  any 
of  the  bump  data.  Corrections  for  fusela.ge  base  pressure  were  deter- 
mined and  found  to  be  small.  They  have  not  been  applied  to  the  data. 

Except  for  the  measurements  of  the  drag  at  zero  lift,  no  tare  cor- 
rections for  the  effect  of  the  fuselage  end  plate  or  leakage  have  been 
applied  to  other  components.  Special  tests,  in  which  a few  models  were 
investigated  at  several  angles  of  attack  while  mounted  without  end 
plates  and  with  the  foam-rubber  seal  attached,  indicated  small  but 
inconsistent  tare  effects  on  lift,  pitching  moment,  and  drag  due  to 
lift. 


Sting  Tests 

The  sting  methods  used  in  the  Langley  8-foot  high-speed  tunnel  and 
the  Langley  high-speed  7-  by  10-foot  tunnel  are  basically  similar  and 
will  be  considered  together  in  the  following  discussion.  Additional 
details  regarding  the  8-foot  sting  method  of  testing  may  be  found  in 
reference  7* . 
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Method. - The  tests  were  conducted  in  closed-throat,  s ingle - return - 
type  tunnels.  In  order  to  minimize  interference  effects  between  model 
and  support  the  models  were  mounted  on  a sting  which  is  attached  to  a 
supporting  structure  downstream  of  the  test  sections.  A view  of  the 
models  mounted  in  the  tunnels  is  shown  in  figure  3*  The  Langley  high- 
speed 7“  10 -foot -tunnel  tests  were  run  at  various  angles  of  attack 

through  the  Mach  nijmber  range  by  employing  angle -of -attack  couplings, 
whereas  the  8-foot  high- speed-tunnel  tests  were  conducted  by  changing 
angle  of  attack  at  a constant  Mach  nxamber.  The  models  are  attached  to 
internal  strain-gage  balances. 

Models . - A drawing  of  the  sting  models  together  with  pertinent 
dimensions  is  given  in  figure  6.  The  wings  were  constructed  of  alumin\am 
alloy  except  the  A = 35°  wing  in  the  Langley  8-foot  high-speed  tunnel 
and  the  A = ^5°  wing  in  the  Langley  high-speed  7-  hy  10-foot  tunnel 
which  were  made  with  a steel  insert  and  bismuth-tin  filler.  The  fuse- 
lages were  hollow  and  constructed  of  aliminum  for  the  Langley  high- 
speed 7-  l3y  10-foot-tunnel  configuration  and  of  steel  for  the  Langley 
8-foot  high-speed-tunnel  configuration.  They  were  designed  by  cutting 
off  the  rear  portion  of  a body  of  revolution  with  a fineness  ratio  of  12 
to  form  one  with  a fineness  ratio  of  10.  (See  table  I.) 

Correct ions . - The  method  of  reference  10  was  used  to  correct  for 
the  effects  of  the  model  and  its  wake  on  Mach  number  and  dynamic  pres- 
sure. No  corrections  due  to  sting  interference,  which  are  believed  to 
be  small,  have  been  determined  or  applied  to  the  data.  A representa- 
tive account  of  interference  effects  as  well  as  base-pressure  measure- 
ments are  presented  in  reference  7 for  the  8-foot -tunnel  models.  Base- 
pressure  corrections  to  drag  wexe  determined  at  zero  angle  of  attack 
and  have  been  applied  to  both  the  7-  by  10-foot -tunnel  data  and  the 
8-foot  tunnel  data.  The  drag  at  zero  lift,  therefore,  corresponds  to 
free-stream  static  pressure  at  the  base  of  the  fuselage.  The  correc- 
tion to  the  drag  coefficient  was  of  the  order  of  0.002. 


Effect  of  Flexibility 

When  the  angle  of  sweepback  is  appreciably  increased,  the  influence 
of  wing  flexibility  on  the  aerodynamic  characteristics  becomes  increas- 
ingly important.  It  follows,  therefore,  that  comparisons  of  aerodynamic 
data  for  swept  wings  from  different  test  facilities  become  exceedingly 
difficult  because  of  differences  in  model  construction,  methods  of 
mounting,  and  testing  techniques.  In  order  to  obtain  some  idea  of  the 
effect  of  wing  model  flexibility  on  the  aerodynamic  results,  two  of  the 
7-  by  10-foot-tunnel  bump  and  sting  wings  (A  = 45°  and  60°)  were 
loaded  with  a simulated  elliptical -type  loading  along  the  quarter-chord 
line.  The  angle  of  attack  at  several  spanwise  stations  was  measured 
while  the  models  were  statically  loaded.  As  an  example  of  the  results 


CONFIDENTIAL 


8 


CONFIDENTIAL 


NACA  RM  L50H02 


obtained,  a deflection  diagram  for  the  A.  = 60°  sting  model  is  shown 
in  figure  7-  Correction  factors  for  the  lift-curve  slope  a.nd 

the  aerodynamic  center  ^^Cm/SCLj  have  been  evaluated  from  such  dia- 
grams for  these  wings  and  are  presented  in  figure  8.  The  reason  the 
generally  weaker  sting  wings  = ^5°^  steel  insert j A = 60°,  aluminum) 
have  a smaller  correction  to  CLq^  than  the  steel  bump  wings  is  attri- 
buted directly  to  the  method  of  support.  The  7“  tiy  10 -foot -tunnel 
sting  wings  axe  mounted  about  a point  10  percent  semispan  outboard  of 
the  fuselage  center  line,  whereas  the  bump  wings  are  mounted  about  a 
point  inside  the  bump  25  percent  semispan  from  the  fuselage  center  line. 

Inasmuch  as  the  8-foot-tunnel  models  are  similar  in  construction 
and  mounting  to  the  7-  ty  10 -foot -tunnel  models,  the  same  correction 
factors  are  applicable  to  the  8-foot-tunnel  results. 


RESULTS  AND  DISCUSSION 


The  results  of  the  basic  comparison  are  summarized  in  the 
following  figures: 


Figure 


Basic  wing-fuselage  force  and  moment  data: 

A = 0°  configuration 9 

A = 35°  configuration 10 

A = 1-5°  configuration 11 

A = 60°  configuration 12 

Zero-lift  drag  variation  with  Mach  number: 


Bump  and  sting  results  for  - 

Wing-fuselage,  all  configurations  13 

Fuselage  alone ll- 

Bump,  sting,  and  rocket  results  for  - 

A = U5°  configuration 15 


Basic  aerodynamic  parameter  comparisons: 

Cl^  and  SCm/SCL  against  M l8 

Aerodynamic  parameter  comparisons  with  estimated  aeroelastic 
corrections  applied: 

Cl^  and  ^laj^L  a.gainst  M 17 


The  existence  of  nonlinear  variations  of  Cp  and  Cm  with  a 
decreases  the  significance  of  the  comparison  of  the  parameters  Cp^j, 
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and  SCjji^Cl  because  of  the  difficulty  in  ascertaining  slopes.  For 
the  comparisons  presented  in  this  paper  the  slopes  were  averaged 
through  zero  lift  over  an  angle-of-attack  range  up  to  an  angle  at  which 
obvious  departures  from  linearity  occurred.  Accordingly,  the  slopes 
presented  in  this  comparison  paper  may  not  be  in  exact  quantitative 
agreement  with  those  presented  in  the  basic  reference  reports. 


0°  Sweep  Configuration 

y^ft . - The  variation  of  lift  with  angle  of  attack  is  approximately 
the  same  for  all  models  (fig.  9(a))  eilthough  quantitative  differences 
are  evident  especially  at  the  higher  angles  of  attack.  In  the  lower 

range  the  sting  models  exhibit  a somewhat  more  rapid  variation  of 
lift -curve  slope  with  Mach  number  than  the  bump  model,  particularly  in 
the  vicinity  of  the  force  break  (fig.  16(a)).  Also  variations  in  lift 
coefficient,  especially  in  the  vicinity  of  CL^^,y,  are  more  pronounced 

for  the  sting  models  although  the  actual  values  of  CLm„y  are  in  fair 

agreement.  It  is  perhaps  to  be  expected  that  the  agreement  in  lift  is 
generally  poorest  wherever  the  lift  changes  are  most  rapid.  Bump 
model  2 agrees  a little  better  with  the  sting-mounted  data  than  the 
original  model  1 (reference  1).  Some  of  the  factors  that  are  partly 
responsible  for  the  lack  of  duplication  in  bump  results  are  discussed 
in  part  II  of  this  paper.  In  this  regard,  however,  it  shoiad  be  noted 
that  small  differences  are  also  evident  in  the  two  sets  of  sting  data, 
particularly  in  regard  to  the  variation  of  CLa  vith  M (fig.  l6). 

Pitching  moment.-  For  the  most  part  the  variations  of  Cm  with  Ql 
(fig.  9(t>) ) , particularly  the  rapid  variation  at  high  values  of  C^,  are 
in  practical  agreement  for  all  models  up  to  Mach  numbers  at  which  rapid 
rearward  movement  of  aerodynamic  center  occurs  (about  M ~ 0.85  in 
fig.  16(b)).  As  regards  aerodynamic -center  position,  t’  e bunq)  models 
are  in  good  agreement  with  the  7-  by  10-foot -tunnel  sting  data,  -vdiereas 
the  8-foot-tunnel  sting  results  indicate  a more  forward  aerodynamic- 
center  location  at  Mach  numbers  below  O.85.  However,  above  M = O.85 
the  bump  results  and  the  8-foot-tunnel  sting  results  are  in  good  agree- 
ment throughout  the  subsonic  Mach  number  range  as  well  as  in  the  upper 
transonic  speed  range  near  M = 1.2. 

Drag. - Drag  due  to  lift  (fig.  9(c))  is  in  good  agreement  for  all 
models  except  in  the  maximum  lift  range.  The  lower  drags  indicated  by 
the  8-foot-tunnel  sting  model  at  the  higher  lift  coefficients  are  a 
result  of  the  lower  angle  of  attack  required  to  sustain  these  lift 
coefficients . 

The  variation  of  Cdl_q  with  Mach  member  for  the  A = 0°  wing- 
fuselage  configurations  (fig.  13)  appears  to  be  in  good  agreement,  but 
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the  bump  models  exhibit  a considerably  higher  value  of  drag  throughout 
the  Mach  number  range  than  do  the  sting  models.  It  was  the  high  drag 
obtained  with  the  bump  model  in  the  original  investigation  (reference  3)^ 
even  when  a sponge  wiper  seal  was  used  to  avoid  leakage  and  end-plate 
effects,  that  prompted  the  construction  and  investigation  of  bump 
model  2.  The  results  of  the  two  bimip  tests,  however,  seem  to  be  in 
excellent  agreement.  Roughness  applied  to  the  bump  model  wings  in  an 
effort  to  simulate  the  type  of  boundary-layer  transition  likely  to 
occur  at  a high  Reynolds  number  was  of  little  value  for  this  model  and 
the  application  of  roughness  resulted  in  even  higher  values  of  drag. 

The  high  absolute  drag  obtained  with  the  bun^)  model  is  attributable, 
in  part,  to  the  hi^  drag  obtained  with  the  fuselage  alone.  Fuselage- 
alone  drag  data  as  obtained  by  the  bump  method  are  compared  with  fuselage 
drag  data  from  other  sources  in  figure  ih.  Not  only  does  the  fuselage- 
alone  bump  drag  appear  to  be  about  twice  as  great  as  that  obtained  from 
wind-tunnel  and  drop  tests  (reference  11)  but  the  variation  with  Mach 
number  above  M = 1.0  appears  to  be  unreliable.  For  this  reason,  the 
variation  of  drag  with  Mach  number  at  Mach  numbers  in  excess  of  1.0  for 
any  of  the  bump  wing- fuselage  configurations  should  be  used  with  caution. 
It  is  believed  that  the  high  fuselage  drag  is  largely  a result  of  the  gap 
between  the  fuselage  and  the  bump  surface  inasmuch  as  the  drag  caused  by 
the  base  pressure  was  found  to  be  small. 

35°  Sweep  Configuration 

L^.  - In  regard  to  the  variation  of  lift  with  angle  of  attack,  the 
bump  results  and  the  J-  by  10-foot-tunnel  sting  results  are  in  good 
agreement  (fig.  10(a))  and  both  exhibit  higher  lift-curve  slopes  than 
the  8-foot -tunnel  sting  model  (fig.  16(a)).  The  differences  in  lift 
behavior  exhibited  by  the  two  sting  models  in  the  lower  angle -of -attack 
range  ^e  somewhat  surprising  even  when  the  slight  changes  in  wing  sweep 
angle  (2.4°)  are  considered  (fig.  6).  The  reasons  for  these  discrep- 
ancies in  lift  behavior  are  not  known  at  present.  It  is  evident  also 
that  while  the  lift  variations  at  the  higher  lift  coefficients  are 
similar  for  the  bump  model  and  the  8-foot -tunnel  sting  model,  the  rapid 
changes  in  lift  for  the  8-foot-tunnel  sting  model  are  delayed  to  a 
higher  angle  of  attack,  perhaps  because  of  the  higher  Reynolds  number 
of  the  8 -foot “tunnel  data. 

Pitching  moment . - The  bump  model  and  the  two  sting  models  exhibit 
similar  trends  in  pitching -moment  behavior  in  the  lower  lift  range  but 
the  lift  coefficients  at  which  rapid  changes  in  pitching -moment  behavior 
occur  are  higher  for  the  8-foot-tunnel  sting  model  (fig.  10(b)).  The 
bump  data  give  an  aerodynamic -center  position  about  5 percent  more  rear- 
ward than  the  sting  models  at  the  lower  Mach  numbers  (fig.  16(b))  eind 
indicate  a less  rapid  rearward  movement  with  Mach  niimber  than  was 
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obtained  with  the  8-foot-tunnel  sting  model.  At  supersonic  Mach  numbers 
the  bump  and  sting  results  are  in  fair  quantitative  agreement. 


Drag.-  The  drag  due  to  lift  (fig.  10(c))  indicates  similar  trends 
for  alTmodels  and  reflects  the  differences  in  lift  behavior  previously 
noted.  The  variation  of  Cdl=o  ^ ^3)  ^he  bump  model 


is  more  rapid  below  the  Mach  number  for  drag  rise  and  less  rapid  in  the 
vicinity  of  drag  rise  than  that  for  the  sting  models.  It  is  of  interest 
to  note,  however,  that  the  drag  variation  obtained  with  the  bump  wing- 
fuselage  configuration  is  similar  to  that  obtained  for  the  bump  wing 
alone  (reference  5). 


it-5°  Sweep  Configuration 

_ The  lift  characteristics  of  the  two  sting  models  are  in 
very  i35d* agreement  (fig.  11(a)),  particularly  in  regard  to  the  varia- 
tion of  the  mean  lift-curve  slope  with  Mach  number  (fig.  lo(a)).  Ihe 
4-5°  configuration  is  flexible  enough  to  require  consideration  of  aero- 
elastic  effects  on  lift-curve  slope.  These  corrections  have  been 
estimated  for  the  7-  by  10 -foot -tunnel  sting  model  and  for  bump  model  2 , 
(fig.  8)  and  have  been  applied  to  the  data  in  figure  17(a).  Inasmuc 
as  the  7-  by  10-foot -tunnel  sting  data  and  the  8 -foot -tuimel ^ sting  data 
are  in  good  basic  agreement,  the  corrected  values  given  in  figure  17(a) 
can  be  assumed  to  apply  to  the  8-foot-tunnel  data  also. 

The  bump  models  appear  to  be  in  general  qualitative  agreement  with 
the  sting  results.  It  will  be  noted,  however,  that  the  bump  models  give 
somevhat  higher  lift-curve  slopes  (fig.  l6(a))  and  indicate  a more  linear 
variation  of  lift  with  angle  of  attack  in  the  higher  angle-of -attack 
range  (fig.  11(a)). 

Pitching  moment.-  The. pitching-moment  behavior  exhibited ^by  bhe ^ ^ 
various  models  is  perplexing  (fig.  11(b)).  Even  the  sting  models  indi- 
cate some  differences,  especially  in  regard  to  aerodynamic-center  posi- 
tion (fig.  l6(b)).  The  development  of  an  unstable  pitching -moment 
variation  at  a very  low  value  of  Cp  for  bump  model  1 was  regarded 
with  suspicion  when  originally  obtained  (reference  3),  but  check  tests 
made  at  that  time  produced  similar  results.  Subsequently,  bump  model  2 
was  constructed  for  the  bump-wall  comparison  discussed  later  in  this 
paper  and  gave  the  type  of  pitching-moment  variation  shown  in  fig- 
ure 11(b).  It  is  evident  that  for  bump  model  2,  the  onset  of  the 
unstable  pitching-moment  variation  has  been  delayed  to  higher  lift  ^ 
coefficients  and  is  in  better  accord  with  8-foot-tunnel  sting  data  in 
this  respect.  The  aerodynamic  center  is,  however,  somewhat  more  rear- 
ward than  was  obtained  for  other  models  (fig.  l6(b)).  The  pitching- 
raoment  data  in  reference  12  indicate  that,  in  the  Reynolds  number  range 
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of  the  hxamp  tests,  surface  conditions  can  result  in  a forward  movement 
of  the  aerodynamic  center  of  several  percent j whereas,  at  the  higher 
Reynolds  numbers  (greater  than  1 x 10^),  rou^ess  has  little  effect. 

It  is  Interesting  to  note  that  the  application  of  roughness  to  the 
8-foot-tunnel  sting  model  (reference  7)  and  to  the  7-  by  10-foot-t\innel 
sting  model  (unpublished)  also  had  little  effect  on  aerodynamic-center 
position. 

The  corrections  to  the  aerodynamic -center  location  attributable  to 
aeroelastic  effects  (figs.  8 and  17(b))  appear  to  be  rather  small  for 
this  configuration  and  are  not  an  important  factor  in  explaining  the 
discrepancies  obtained. 

Drag. - Drag  due  to  lift  (fig.  11(c))  is  in  good  agreement  for  the 
two  sting  models . Bump  model  2 is  in  fair  agreement  with  the  sting 
results,  but  the  originally  published  drag  data  for  bump  model  1 indi- 
cate definitely  lower  drags  in  certain  portions  of  the  lift  range, 
particularly  at  the  lower  Mach  numbers. 

The  differences  observed  in  the  zero-lift  drag  variation  with  Mach 
number  for  the  two  bump  models  (fig.  13)  are  probably  a result  of 
changes  in  fuselage  drag  inasmuch  as  the  wing-alone  drag  for  the  two 
models  is  in  excellent  agreement  (compare  fig.  15  of  reference  6 with 
fig.  21  of  this  paper).  The  inconsistencies  in  these  wing-fuselage  drag 
data  again  emphasize  the  difficulty  encountered  in  measuring  the  drag  of 
half -bodies  of  revolution  by  the  bump  method. 

A comparison  of  the  drag  at  zero  lift  utilizing  the  results  of 
rocket  model  tests  of  the  45®  configuration,  reference  8,  is  presented 
in  figure  I5.  The  abnormally  high  fuselage -alone  drag  obtained  on  the 
buB^)  (fig.  l4)  makes  a comparison  in  the  transonic  range  difficult  even 
when  compared  on  the  basis  of  wing- fuselage  minus  fuselage  drag.  It 
appears  that  the  bump  model  does  not  reflect  the  peak  drag  obtained  with 
the  rocket  configuration  in  the  vicinity  of  M = O.98.  This  peak  drag 
has  been  traced  to  interference  effects  between  the  wing  and  fuselage 
(reference  8).  Inasmuch  as  the  fuselage -alone  drag  is  considered 
questionable  from  bump  tests,  it  is  not  surprising  that  such  interference 
effects  are  not  observed  in  the  bump  data. 


60°  Sweep  Configuration 

Lift. - The  lift  characteristics  are  in  essential  agreement 
(fig.  12(a))  although  the  biamp  model  fails  to  reveal  the  nonlinearities 
exhibited  by  the  sting  models  at  the  low  angles  of  attack.  This  fact  is 
perhaps  responsible  for  the  slightly  higher  values  of  lift-curve  slope 
obtained  for  the  bump  model  (fig.  16(a)).  The  corrections  for  flexibility 
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do  not  appreciably  affect  the  comparison  in  regard  to  lift-curve  slope 
(figs.  8 and  17(a)). 

Pitching  moment.-  It  is  the  pitching-moment  behavior  of  the  60° 
configuration  that  exhibits  the  largest  discrepancies  encountered  in 
this  comparison.  The  sting  models  are  in  fair  agreement  at  the  higher 
angles  of  attack  (fig.  12(b))  but  exhibit  different  pitching -moment 
slopes  in  the  lower  lift  range  (fig.  l6(b)).  These  differences  are 
small,  however,  compared  to  the  extremely  rearward  aerodynamic -center 
position  indicated  from  bump  data.  The  bump  data  also  indicate  unstable 
pitching  moments  occurring  at  considerably  lower  lift  coefficients  than 
the  sting  models.  This  result  does  not  appear  to  be  a sole  consequence 
of  the  low  Reynolds  number  of  the  bump  tests  inasmuch  as  unpublished 
tests  of  the  7-  by  10-foot  sting  model  in  the  Langley  300  MPH  7-  by 
10-foot  tunnel- at  a Reynolds  number  of  about  500,000  indicated  similar 
characteristics  to  those  shown  for  the  7-  by  10-foot  sting  model 
at  M = 0 . 7 • 


It  is  believed  that  the  indicated  differences  for  the  sting  models 
at  the  low  lift  coefficients  may  not  really  be  present.  It  was  neces- 
sary to  fair  the  8-foot  sting  data  with  considerably  fewer  points  than 
were  available  for  the  7-  by  10-foot  sting  data,  and  wherever  nonlinear 
variations  occur  a great  many  points  are  necessary  to  define  the  char- 
acter of  the  nonlinearity.  Essentially,  therefore,  the  sting  data  are 
in  good  agreement  and  the  important  feature  of  the  comparison  is  found 
in  the  considerably  more  rearward  aerodynamic-center  position  obtained 
with  the  bump  model.  A considerable  portion  of  the  discrepancy  in 
aerodynamic -center  location  is  attributable  to  the  larger  aeroelastic 
effects  experienced  by  the  sting  model  (fig.  8).  The  estimated  effect 
of  the  wing  flexibility  on  the  sting  model  results  was  to  move  the 
aerodynamic-center  appreciably  rearward  as  shown  in  figures  16(b)  and 
17(b).  It  will  be  noted,  however,  t'nat  the  flexibility  for  the  bump 
model  is  rather  small  and  that  the  aerodynamic  center  indicated  for  t e 
bump  model  is  still  considerably  more  rearward  than  for  the  sting  model 
even  when  the  flexibility  of  both  models  is  considered. 


It  is  believed  that  the  more  rearward  aerodynamic-center  location 
obtained  on  the  bump  model  for  highly  swept  wings  is  ^’Iso  closely 
related  to  the  effect  of  the  b-ump  curvature.  For  the  60  bump  model 
the  spanwise  variation  of  sweep  angle  due  to  the  curvature  of  flow  is 
shown  in  figure  I8.  Thus,  the  root  sections  are  operated  in  excess 
of  60°  whereas  the  tip  sections  are  operated  at  sweep  angles  of  less 
than  60°.  The  effect  of  this  sweep  variation  on  the  span  loading  has 
been  estimated  and  it  has  been  determined  that,  although  the  effect  of 
this  sweep  variation  on  lift-curve  slope  was  small,  the  aerodyn^ic- 
center  position  was  moved  about  5 percent  of  the  mean  aero dynamic^ chord 
rearward.  This  correction  has  been  noted  on  figure  17(b)  for  M - 0.7 
and  it  is  seen  that  much  of  the  discrepancy  in  the  pitching-moment 
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results  at  this  Mach  number 

appears  to  be  accounted  for.  Although  it  is  realized  that  these  factors 
thL''°the^-^^  all  the  discrepancies  attributed  to 

^ comparison  are  apt  to  result  in  considerably  further 

?2Tw1“  f A"*  «nter  than  would  he  anJlcS^Sd 

nd  that  (2)  large  differences  in  aeroelastic  effects  can  appreciably 
modify  comparisons  of  data  obtained  in  different  test  facilities. 

drag  i?fero^lift‘^?fir  agreement  (fig.  12(c))  but  the 

S considerably  higher  in  absolute  magnitude 

woulfb:  10  e^lblt  the  very  sn^U  variation  wUh  S^S'iuM- 

oer  inat  would  be  expected  for  this  wing. 


General  Remarks  on  Data  Con^arison 

Despite  the  differences  that  have  been  noted  in  the  comparison  of 
^hO  ^ cross-comparison  of  the  data  for  the  0°, 

exhibit  configurations  indicates  that  the  bump  model  results 

r qualitative  effects  of  sweepback  and  Mach  number 

at  zero  the  wing  family  except  for  drag 

Important  quantitative  difference  in  the  results  are 
evident,  however.  In  general,  wherever  sudden  changes  in  lift,  drag 
and  pitching  moment  occurred,  the  bump  model  results  indicated  less  rapid 
changes  with  Mach  number  and  angle  of  attack  than  the  sting  model  results 
(See,  for  ex^ple,  figs.  9,  13,  16,  and  1?.)  The  bump  data  generally 

in  hi^er  lift-curvre  slopes  than  were  obtained  from  sting  dLa 
and  the  variation  of  lift-curve  slope  with  Mach  number  was  less  rfpid 

daS  Drag  at  zero  lift  as  obtained  from  the  bump 

data  for  the  wing- fuselage  combinations  and  for  the  fuselage  alone  does 
not  appear  to  be  relrable  as  regards  either  the  absolute  value  of  drag 

number  in  the  neighborhood  of  the 
number.  It  will  be  shown  subsequently  in  this  paper  that 
this  result  IS  largely  attributable  to  fuselage  drag  results.  On  the 

generally  in  fair  agreement  for  the  bump 
nd  sting  models  except  where  discrepancies  existed  in  the  angle  of  attack 
required  to  support  the  same  lift.  The  position  of  the  aerodynamic  center 
s determined  from  bump  tests  appears  to  be  more  rearward  than  sting 
model  data  indicate,  especially  at  the  higher  sweep  angles,  but  differ- 
ences in  the  flexibility  of  the  models  used  make  comparisons  of  aerodynamic 
center  position  difficult  because  of  aeroelastic  effects. 

Although  distinguishing  trends  are  evident  in  the  data,  the  results 
of  a comparison  of  only  four  models  do  not  permit  detailed  conclusions 
to  be  drawn  regarding  the  reliability  of  bump  data  in  general.  It 
appears  almost  essential  to  examine  each  model  individually  because  of 
the  m^y  factors  involved  in  comparing  the  results  obtained  from  one 
technique  with  those  of  another. 
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General  Remarks  on  Test  Methods 


In  comparing  the  results  obtained  with  similar  models  in  different 
test  facilities^  it  is  usuaTly  not  possible  to  control  test  conditions 
closely  enough  so  that  differences  in  results  can  be  attributed  to  a 
unique  factor.  A list  of  some  of  the  factors  that  must  be  considered 
in  evaluating  the  results  obtained  by  various  test  methods  would  Include 
the  following  items: 


1.  Mach  n\jmber  gradients 

(a)  Spanwlse 

(b)  Chordwise 


2. 


3. 


k. 

5. 

6. 


Flow  curvature 
Boundary  layer  at  model 
Flow  leakage  about  model 
End-plate  conditions 
Flow  steadiness 


f Reflection-plane  technique 

y 


7.  Humidity  conditions 

8.  Reynolds  number  of  test 

9.  Accuracy  of  model  construction 

10.  Flexibility  of  model 

All  of  these  items  are  perhaps  not  of  equal  importance  for  all  test 
methods,  but  each  test  method  must  be  examined  for  those  factors  most 
likely  to  influence  the  results  obtained  by  that  method.  Thus,  it  is 
evident  from  the  Mach  number  gradients  shown  in  figure  2(a)  that 
items  1 and  2 constitute  important  defects  in  the  bump  method  of  testing, 
at  least  for  the  particular  bump  referred  to  in  this  paper.  Items  3, 

4,  and  5 are  important  considerations  for  any  method  utilizing  the 
reflection-plane  technique  and  perhaps  assumed  more  critical  roles  in 
bump  testing  because  of  the  presence  of  items  1 and  2.  Items  6,  7,  8, 

9,  and  10  are  important  considerations  in  any  test  method.  Little  is 
known  concerning  the  effects  of  flow  steadiness,  item  6.  Humidity  cont- 
ditions,  item  7>  are  not  believed  to  be  an  important  factor  in  the  com- 
parison presented  in  this  paper  because  of  the  elevated  ten5>eratures  at 
which  the  wind  tunnels  were  operated  (reference  7).  The  low  Reynolds 
number  of  bump  tests,  item  8,  has  always  been  considered  one  of  the 
major  deficiencies  of  this  method  of  testing  (fig.  l).  Accuracy  of 
model  construction,  item  9,  becomes  relatively  more  important  in  bump 
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investigations  because  the  small  size  of  the  models  requires  precision 
workmanship  not  only  in  regard  to  constructing  models  but  in  positioning 
them  for  tests. 

It  has  not  been  possible  to  control  test  conditions  on  the  bump 
closely  enou^  to  permit  isolation  of  the  influence  of  the  many  factors 
involved.  It  has  been  possible,  however,  to  examine  the  importance  of 
Mach  number  gradients  and  flow  curvature  (items  1 and  2)  by  Investigating 
the  bump  models  on  a reflection  plane  in  the  Langley  high-speed  7- 
10-foot  tunnel.  The  test  conditions  for  this  arrangement  were  practi- 
cally the  same  as  the  bump  test  conditions  except  that  there  was  no 
flow  curvature  and  relatively  small  Mach  number  gradients  compared  to 
the  bump.  It  was  not  possible,  however,  to  obtain  as  high  Mach  numbers 
with  this  arrangement  as  was  possible  with  the  bump  method. 

An  investigation  to  examine  the  effects  of  Mach  number  gradients 
and  flow  curvature  on  the  bump  results  is  described  in  the  following 
section. 


PART  II  - EFFECTS  OF  MACH  NUMBER 
GRADIENTS  AND  FLOW  CURVATURE 
ON  BUMP  RESULTS 


DESCRIPTION  OF  WALL  REFLECTION-PLANE  TECHNIQUE 


Models  and  method.-  The  two  models  that  were  used  in  the  bump-wall 
investigation  were  the  0°  and  45°  models  shown  in  figure  5*  The  wings 
of  these  models  were  of  steel  and  were  especially  constructed  for  this 
investigation.  The  models  were  tested  on  the  bump  and  on  the  wall 
plate  as  wings  alone  and  in  combination  with  the  fuselage.  Figure  3(d) 
shows  one  of  the  models  mounted  on  the  reflection  plate.  The  plate  was 
fastened  to  the  wall  of  the  Langley  high-speed  T-  t>y  10-foot  tunnel  and 
was  located  so  as  to  bypass  the  tunnel  boundary  layer.  The  length  of 
the  plate  was  such  that  the  boundary  layer  at  the  model  position  was 
approximately  the  same  as  that  existing  at  the  model  location  on  the 
bump.  Every  effort  was  made  to  make  the  wall  and  bun^)  installation 
similar  by  duplicating  details  such  as  mounting,  brackets , end-plate, 
and  gap  conditions.  For  the  wall  tests,  the  fuselage  was  not  curved 
as  shown  in  figure  5. 

Test  condit ions . - The  velocity  field  in  the  vicinity  of  the  models 
is  shown  in  figure  2(b).  For  the  Mach  numbers  indicated,  it  is  evident 
that  the  velocity  gradients  are  very  much  less  than  those  occurring  on 
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the  huB^)  at  similar  Mach  numbers  and  are  principally  chordwise  gradients, 
whereas  the  bump  gradients  are  predominantly  spanwise.  For  Mach  numbers 
below  M = 0.95^  the  flow  field  was  essentially  free  of  any  velocity  gra- 
dients. The  wall  reflection-plane  method  is  essentially  the  same  as  the 
bun^)  method.  The  main  tunnel  flow  remains  subsonic  for  all  test  Mach 
numbers  below  M = I.08  at  which  value  a Mach  number  of  1.0  is  obtained 
on  the  opposite  wall  from  the  plate.  By  testing  these  models  on  the  wall 
plate,  it  was  hoped  that  most  of  the  itemized  factors  would  be  duplicated 
in  the  wall  and  bump  tests  except  items  1 and  2.  Actually,  it  was  not 
possible  to  achieve  this  end  completely.  Nevertheless,  it  was  believed 
that  by  having  the  same  Reynolds  number  for  both  tests  (see  fig.  l),  one 
of  the  principal  uncertainties  in  the  data  comparison  would  be  eliminated. 


RESULTS  AND  DISCUSSION 


A comparison  of  the  results  obtained  by  the  wall  ref lection -plane 
method  and  the  bump  method  is  contained  in  the  following  figures: 

Figure 


Wing -alone  and  wing-fuselage  characteristics: 

A = 0°  configuration 19 

A = ^4-5°  configuration 20' 

Variation  of  drag  at  zero  lift  with  Mach  number 21 

CLq^  and  SCm/SCL  against  M: 

A = O'^ 22(a) 

A = 45°  . 22(b) 

Comparison  with  8-foot  sting  data 23 


The  bump  data  presented  in  the  preceding  figures  are  the  same  as 
that  presented  for  bijmp  model  2 in  figures  9 aJid 


0°  Sweep  Configuration 

Lift. - Similar  trends  in  the  over -all  variation  of  lift  with  angle 
of  attack  are  evident  (fig.  19(a))  although  bump  data  consistently 
indicate  a somewhat  less  rapid  variation  of  lift  at  the  angles  of 
attack  near  Ci^^y . It  has  been  noted  previously  (fig.  9(a))  that  this 

wing  appears  to  be  particularly  sensitive  at  the  high  angles  of  attack, 
so  that  differences  in  results  between  the  bump  and  wall  tests  in  this 
angle-of -attack  range  are  not  too  surprising. 
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For  the  wing  alone ^ the  lift -curve  slopes  as  determined  from  wall 
data  (fig.  22(a))  are  in  excellent  agreement  with  theoretical  values 
determined  from  reference  I3.  It  will  be  noted^  however,  that  the  lift- 
curve  slopes  for  both  the  wing  and  wing-fuselage  configurations  as 
determined  from  bump  data  are  somewhat  higher  than  the  values  determined 
from  the  wall  data. 

Pitching -moment . - The  pitching-moment  characteristics  are  in  good 
qualitative  agreement,  particularly  for  the  wing-fuselage  configuration 
and  especially  as  regards  the  lift  coefficient  a,t  which  rapid  changes  \ 
in  lift  coefficients  occur  (fig.  19(b)).  Bump  data,  appea.r  to  give  a 
slightly  more  rearward  aerodynamic-center  location  (fig.  22(a)), 

S'llhough  estimated  theoretical  values  of  aerodynamic  center  overlap 
both  sets  of  wing-alone  data.  The  theoretical  aerodynamic -center  loca- 
tions were  approximated  by  applying  a correction  factor  for  the  effect 
of  chordwlse' loading,  as  estimated  from  reference  iL,  to  the  values  as 
determined  from  reference  I3. 

The  variation  of  SCmy^CL  with  Mach  number  is  in  good  agreement 
for  both  the  wing-alone  and  the  wing-fuselage  configurations.  It  is  of 
interest  that  both  test  methods  indicated  about  the  same  change  in 
aerodynami c -center  position  attributable  to  the  fuselage  despite  the 
fact  that  the  fuselage  was  curved  for  the  b’ump  tests. 

Drag. - The  drag  due  to  lift  (fig.  19(c))  is  in  good  agreement 
except  at  the  higher  values  of  Cl  where  the  hi^^her  angles  of  attack  ' 
required  for  the  wall  models  resulted  in  greater  drag  increments. 

It  was  in  the  drag  at  zero  lift  that  the  effects  of  the  Mach  number 
gradients  and  curvature  have  been  expected  to  be  most  evident  (fig,  21). 
The  combined  effect  of  these  factors  resulted  in  somewhat  higher  drags 
for  the  bump  results  for  both  wing  alone  a.nd  wing-fuselage  configurations 
but  the  rate  of  drag  rise  in  the  transonic  range  was  only  slightly  less 
rapid  than  that  obtained  on  the  wall.  The  wing-alone  wall  results  are 
in  good  agreement  with  the  drag  data  determined  from  rocket  model  tests 
made  by  the  Langley  Pilotless  Aircraft  Resea, rch  Division  of  a wing  of 
zero  sweep,  taper  ratio  1,  and  aspect  ratio  3.7  mounted  on  a cylindrical 
fuselage,  for  which  interference  effects  are  small  (unpublished). 

It  will  be  noted  also  that  the  effect  of  the  fuselage  on  the  drag 
at  zero  lift  is  essentially  the  same  for  the  bump  and  wall  tests.  The 
fuselage -alone  drag  as  measured  on  the  wall,  is  in  agreement  with  the 
bump  fuselage  data  (fig.  14),  except  above  M = 1 where  the  wall  fuse- 
lage drag  increases  more  ra.pidly  because  of  the  increased  longitudinal 
velocity  gradient  at  these  Mach  numbers  (fig.  2(b)).  In  any  event, 
neither  the  fuselage -alone  nor  the  wing-fuselage  drag  is  very  reliable. 
The  wing-fuselage  drag  Indicated  for  the  sting  models  (fig.  13)  is  more 
nearly  obtained  if  the  wing-alone  drag  (fig.  21)  is  added  to  the  sting 
or  drop-test  fuselage  drag  shown  in  figure  l4. 
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^5°  Sweep  Configuration 

Lift . - The  agreement  In  lift  characteristics  for  the  wing-alone 
data  for  the  bump  and  wall  model  is  very  good  both  with  respect  to  lift- 
curve  slope  (fig.  22(b))  and  the  lift  behavior  at  the  higher  angles  of 
attack  (fig.  20(a)),  although  both  sets  of  data  give  somewhat  greater 
values  of  lift -curve  slope  than  would  be  determined  from  theory  (refer- 
ence 13).  The  results  for  the  wing-fuselage  combination  also  show  excel- 
lent agreement  as  regards  lift-curve  slope  (fig.  22(b))  although  in  this 
case  differences  in  lift  behavior  are  evident  at  the  higher  angles  of 
attack,  perhaps  indicating  that  wing-fuselage  interference  effects  are 
critical. 


Pitching  moment. - The  pitching-moment  behavior  for  both  wing-alone 
and  wing-fuselage  configurations  is  generally  in  very  good  agreement  as 
regards  the  character  of  variation  of  Cm  with  Cp,  particularly  at 
the  higher  values  of  Cp  (fig.  20(b) )j  however,  the  bump  results  do 
indicate  a more  rearward  aerodynamic-center  position  (fig.  22(b))  of 
almost  a constant  amount  throughout  the  Mach  number  range  as  compared 
with  either  wall  data  or  theory.  As  for  the  A = 0°  wing,  the  theo- 
retical va.lues  have  been  approximated  by  applying  chordwise  correction 
factors  estimated  from  reference  14  to  the  aerodynamic -center  positions 
determined  from  reference  I3. 


The  fact  that  the  difference  in  aerodynamic -center  location  is 
almost  a constant  value  at  all  Mach  numbers  points  to  the  possibility  of 
an  error  in  positioning  of  the  models  relative  to  the  axes  of  moments. 

It  would  take,  however,  a relative  error  of  about  0.10  inch  to  account 
for  this  difference  and  the  models  are  believed  to  be  located  correctly 
to  within  at  least  0.01  inch.  Some  of  the  differences,  therefore,  might 
be  attributed  to  the  effect  of  Mach  number  gradients.  The  effect  of 
fuselage  curvature  would  not  appear  to  be  so  important  in  this  case 
inasmuch  as  the  same  result  was  obtained  for  the  wing-alone  tests. 


Drag. - The  drag  due  to  lift  agrees  well  in  the  low  lift  range  but 
differences  are  evident  at  the  higher  value  of  Cp  (fig.  20(c)).  How- 
ever, it  is  especially  difficult  to  measure  accurate  values  of  drag  at 
the  higher  values  of  Cp  because  of  flow  unsteadiness.  Therefore,  some 
of  the  drag  differences  shown  may  well  be  within  experlmenta.1  accurany. 

The  drag  at  zero  lift  for  the  b5°  configuration  (fig.  21)  shows 
similar  trends  to  those  observed  for  the  0°  conf ig^uration  and  the  notable 
effect  of  sweepback  in  diminishing  the  rate  of  drag  rise  is  reflected  in 
both  sets  of  data.  The  drag  determined  for  the  wall  tests  is  slightly 
lower  at  the  lower  Mach  numbers  but  the  rate  of  drag  rise  for  the  45° 
configuration  is  in  excellent  a.greement  for  both  models,  indicating 
little  effect  of  Mach  number  gradient  or  curvature.  The  agreement 
between  the  wing-alone  results  and  the  rocket  data  is  noteworthy. 


CONFIDENTIAL 


20 


CONFIDENTIAL 


NACA  RM  L50H02 


particularly  in  view  of  the  differences  in  Reynolds  number.  The  rocket 
drag  data  used  in  this  comparison  are  unpublished  and  differ  from  those 
presented  in  reference  8 (and  used  in  fig.  15)^  in  that  a fuselage 
having  a cylindrical  section  at  the  wing  root  was  used  instead  of  the 
fuselage  described  by  table  I. 


Comparison  with  Sting  Data 

A comparison  at  several  subsonic  Mach  numbers  of  the  bump,  wall, 
and  8-foot  sting  data  is  presented  in  figure  23  for  the  0°  and  45°  wing- 
fuselage  configurations. 

For  the  0 configuration,  the  lift  characteristics,  particularly  at 
high  angles  of  attack,  are  somewhat  different  for  all  three  methods. 

For  the  45°  configuration,  however,  the  agreement  in  lift  between  8-foot 
sting  results  and  wall  results  is  very  good.  The  pitching -moment  char- 
acteristics exhibited  by  the  wall  model  appear  to  agree  with  the  8-foot 
sting  results  for  the  45  configuration,  particularly  as  regards  (l) 
the  lift  coefficient  at  which  the  moment  curve  breaks  unstable  and  (2) 
the  aerodynamic -center  position  and  its  change  with  Mach  number.  The 
wall  data  for  the  0°  configuration,  on  the  other  hand,  are  in  no  better 
agreement  with  the  8-foot  sting  results  than  the  bump  data. 

The  drag  due  to  lift  does  not  show  any  extreme  differences 
(fig.  23(c))  and,  as  far  as  the  drag  at  zero  lift  is  concerned,  neither 
the  bump  nor  wall  data  for  wing-fuselage  drag  can  be  considered 
reliable  because  of  the  extremely  high  drag  obtained  with  the  fuselage 
alone  (fig.  l4). 


CONCLUSIONS 


Based  on  a study  of  the  aerodynamic  characteristics  of  a family  of 
four  wing-fuselage  configurations  of  0°,  35°,  45°,  and  6o°  sweepback  as 
determined  from  bimip  model  tests,  sting- supported  wlnd-timnel  model 
tests,  and  a few  rocket  model  tests,  the  following  conclusions  aj*e 
indicated: 

« 

1.  Qualitatively,  the  bump  model  results  and  the  sting  model 
results  indicated  about  the  same  relative  effects  of  sweepback  and  Mach 
number  on  the  aerodynamic  characteristics  of  the  wing-fuselage  family 
except  for  drag  at  zero  lift.  Quantitatively,  significant  differences 
in  results  were  evident.  In  general,  wherever  sudden  changes  in  lift, 
drag,  and  pitching  moment  occurred,  the  bump  model  results  indicated 
less  rapid  changes  with  Mach  number  and  angle  of  attack  than  the  sting 
model  results. 


CONFIDENTIAL 


NACA  RM  L50H02 


CONFIDEHTIAL 


21 


2.  Lift-curve  slopes  as  determined,  from  bump  model  tests  were 
generally  a little  higher,  and  the  variation  with  Mach  number  somewhat 
less  pronounced,  than  were  obtained  from  sting -model  tests. 

3.  Brag  due  to  lift  was  generally  in  fair  agreement  for  the  bump 
and  sting  models,  but  discrepancies  were  evident  whenever  differences 
occurred  in  the  angle  of  attack  required  to  support  the  same  lift, 

4.  Drag  at  zero  lift  as  determined  by  bimp  tests  for  either  the 
fuselage  alone  or  for  the  wing-fuselage  combinations,  is  considered  to 
be  unreliable  because  of  exhibited  discrepancies  with  the  results  of 
sting  model  tests  and  rocket  model  tests,  particularly  at  Mach  numbers 
above  1.  However,  wing-alone  drag  as  determined  from  bump  models 
appeared  to  agree  well  with  available  rocket  model  data  throughout  the 
transonic  range. 

5.  Aerodynamic —center  position  as  determined  from  bump  data  was 
generally  more  rearward  than  was  found  from  sting  model  results, 
particularly  for  the  60°  sweep  configuration. 

6.  A study  of  the  effect  of  Mach  number  gradient  and  bump  curvature 
on  the  bimip  results  indicated  that  the  principal  effect  of  these  factors 
on  the  wings  investigated  was  to  move  the  aerodynamic-center  position 
somewhat  more  rearward.  No  consistent  effect  of  these  variables  was 
noticed  on  other  aerodynamic  parameters. 

7.  It  was  important  in  comparing  the  results  obtained  in  the 
different  test  facilities  to  consider  the  relative  flexibility  of  the 
model  Installations  because  the  aeroelastlr  effects  exhibited  were 
sufficiently  different  in  some  cases  to  affect  the  comparison,  partic- 
ularly in  regard  to  aerodynamic- center  position. 
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TABLE  I.-  TRANSONIC  FUSELAGE  ORDINATES 

[Basic  fineness  ratio  12}  actual  fineness  ratio  10 
achieved  by  cutting  off  the  rear  one-sixth  of 
the  bod^i 


0 0 0 0 
o005  .00231  oU5oo  o0Uili3 

.007^  .00298  .5000  oOUl67 

.0125  .ooU28  .5500  .oUi3o 

.0250  .00722  .6000  ,0U02U 

,o5oo  .01205  .6500  .038U2 

.0750  .01613  .7000  .03562 

.1000  .01971  .7500  .03128 

.1500  .02593  .8000  .02526 

.2000  .03090  .8338  .02000 

.2500  .03U65  .8500  .01852 

.3000  .037U1  .9000  .01125 

.3500  .03933  .9500  .OOh39 

.Uooo  .0U063  1.0000  0 

L.  E.  radius  “ 0.0005Z 
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Mach  number,  M 

Figure  1.-  Variation  of  Reynolds  number  with  Mach  number  for  various 

test  techniques. 
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Longitudinal  distance 
along  reflection  plane, in 


Longitudinal  distance 
along  reflection  plane, in. 


(b)  Sidewall  reflection  plane. 


along  bump,  in.  along  bump,  in 

(o)  Transonic  Bump 


Figure  2.-  Typical  Mach  number  contours  in  the  region  of  the  model 

location  for  two  transonic  test  techniques  used  in  the  Langley  high 
speed  7-  by  10-foot  tunnel.  ^ 
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Photographs  of  a wing- fuselage  model  mounted  in  four 
different  test  facilities. 


A view  of  a wing  model  mounted  on  the  transonic  hump 
showing  the  foam-rubber  wiper  seal. 
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7'x  to'  Sting  Wing 
A= 60°  (75 ST  Aluminum) 


Figure  7 • - Measured  twist  per  unit  of  panel  lift^  degrees  per  pound, 
along  the  span  of  a 6o°  sweptback  wing  model. 
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7'x  10'  Sting\ 

Bun,p  ]Wmg- fuselage 


Mach  number,  M 


Figure  8.-  Correction  factors  used  to  determine  aerodynamic  effects  as 
a result  of  twist  for  two  different  models  in  two  test  facilities. 
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8' Sting 

7'x  JO' Sting 

Bump  mode!  i 

Bump  model  2 


-.4  -.2  0 .2  4 .6  .8  10 

Lift  coefficient,C^ 


(a)  a against  Cj^. 

Figure  9>-  Wing-fuselage  aerodynamic  characteristics  as  determined  from 
different  test  facilities  for  a model  with  unswept  wing,  aspect 
ratio  k,  taper  ratio  0.6,  and  NACA  65AOO6  airfoil  section  parallel 
to  free  stream. 
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6'  Sting 

7'x!0'  Sting 

Bump  mode!  / 

Bump  mode!  2 


Figure  9--  Continued. 
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8' Sting 

7' X to'  Sting 

Bump  mode!  / 

Bump  mode!  2 


(c)  against  C^. 

Figure  9*-  Concluded. 
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8' Sting 

7'x  to' Sting 

Bump  mode!  / 


Lift  coefficient,Ci^ 


(a)  a against 

Figure  10.-  Wing-fuselage  aerodynamic  characteristics  as  determined 
from  different  test  facilities  for  a model  with  35^  swepthack  wing, 
aspect  ratio  4^  taper  ratio  0.6,  and  NACA  65AOO6  airfoil  section 
parallel  to  free  stream. 


CONFIDENTIAL 


Pitching-  moment  coefficient,  C, 


MCA  RM  L50H02 


CONFIDENTIAL 


S' Sting 

7'xlO‘  Sting 

Bump  model  / 


("b)  Cm  against  Cl- 
Figure  10.-  Continued. 
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8' Sting 

7'xiO'  sting 

Bump  model  / 


Lift  coefficient, Ci_ 


(c)  CC-Q  against 
Figure  10.-  Concluded. 
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8'  Sting 

— 7'xl0‘  Sting 

Bump  model  / 

Bump  mode!  2 


(a)  a against  Cj^. 


Figure  11.-  Wing-fuselage  aerodynamic  characteristics  as  determined  from 
different  test  facilities  for  a model  with  45°  sweptback  wing^  aspect 
ratio  4^  taper  ratio  0.6^  and  NACA  65AOO6  airfoil  section  parallel  to 
free  stream. 
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8'  Sting 

7'xiO'  Sting 

Bump  model  / 

Bump  model  2 


(c)  against 

Figure  11.-  Concluded. 
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kk 


6' Sting 

7'x!0' Sting 

Bump  mode!  / 


(a)  a against  0^- 

Figure  12.-  Wing-fuselage  aerodynamic  characteristics  as  determined  from 
different  test  facilities  for  a model  with  60°  sweptback  wing,  aspect 
ratio  4,  taper  ratio  0.6,  and  NACA  65AOO6  airfoil  section  parallel  to 
free  stream. 
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6'  Sting 
7'x!0'  Sting 
Bump  mode!  i 


-■2  O .2  4 .6  £ 

Lift  coefficient,  Cl 


(b)  Cjjj  against 
Figure  12.-  Continued. 
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8'  Sting 

7'x!0' Sting 

Bump  model  / 


Lift  coefficient ,C 


(c)  C£.-q  against  C^. 


Figure  12.-  Concluded. 
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o 8' sting 

7'xlO'  Sting 

Bump  mode!  i 

Bumnmode!  2 


I 

I 


Mach  number,  M 


Figure  13 •-  Effect  of  sweep  and  Mach  number  on  drag  at  zero  lift  for  a 
wing-fuselage  configuration  in  different  test  facilities. 
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Fuselage  Alone 

Rocket 

Bump 

O 7'x  !0'  Sting 

❖ 8' Sting 

□ 7' X 10' Wan 


Figure  lA.-  Variation  of  drag  at  zero  lift  with  Mach  number  for  the 
transonic  fuselage  as  determined  from  several  test  facilities. 
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Wing-  fuselage 


Mach  number,  M 


Source  A A R(M=0.95) 

Bump  model  2 45°  4 .6  O.BOxKf 

7'xlO'  Sting  45°  4 .6  3.55x10^ 

e 8' Sting  45°  4 .6  2.02x10^ 

f^ocket  450  4 Q 10.40x10* 


Wing-fuselage  minus  fuselage 


Figure  I5.-  A comparison  of  drag  at  zero  lift  for  two  configurations  as 
determined  from  three  different  test  techniques. 
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8' Sting 

7'x to  Sting 

Bump  model  / 

Bump  mode!  2 % 


.7  .8  .9  1.0  /./  1.2 

Mach  number,  M 


(a)  against  M. 

Figure  l6.-  Summary  of  aerodynamic  characteristics  as  determined  from 
basic  data  for  the  several  wing-fuselage  configurations  in  three 
different  test  facilities. 
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7'x /O'  Sting 

Bump  model  / 

Bump  mode!  2 


A 


''  .'nac'aL 


Mach  number,  M 

(a)  Cj^  against  M. 

Figure  I7--  Summary  of  aerodynamic  characteristics  corrected  for  aero- 
dynamic twist  for  two  wing-fuselage  configurations  in  two  different 
test  facilities. 
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7' X 10'  Sting 


Bump  model  / 

Bump  model  2 

□ Corrected  for  bump 
curvature 


^Ci_ 


.2 


O 

^C, 

-.2 


-.4 

.7  .8  .9  to  U 12 

Moch  number,  M 

(b)  against  M. 

Figure  17- - Concluded. 
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Figure  l8.-  The  effective  sweep  angle  at  several  spanwise  stations 
6o°  sweptback  wing  model  when  placed  in  the  curved  flow  field  o 
the  bump . 
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Figiire  19*-  Aerodynamic  characteristics  of  wing-alone  and  wing-fuselage 
configurations  as  determined  from  two  different  test  techniques  for 
an  unswept  wing,  aspect  ratio  4,  taper  ratio  0.6,  and  NACA  65AOO6  air- 
foil section. 


Figure  19 •-  Concluded 


Angle  of  attack , a,  deg 
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(a)  a against 


Figure  20.-  Aerodynamic  characteristics  of  wing-alone  and  wing-fuselage 
configurations  as  determined  from  two  different  test  techniques  for 
a 1+5'^  sweptback  wing,  aspect  ratio  ^4-,  taper  ratio  0.6,  and 
NACA  65AOO6  airfoil  section. 
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O Wing  plus  interference , rocket , cylindrical  fus. 
Wing  alone,  bump  ^ 

Wing  alone,  wall  y transonic  fus. 

Wing  fuselage,  bump  I 

Wing  fuselage,  wall  J 


Figure  21.-  Effect  of  sweep  on  the  variation  with  Mach  number  of  drag 
at  zero  lift  for  two  test  techniques  and  for  two  configurations. 
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Figure  22.-  Variation  of  lift-curve  slope  and  aerodynamic -center  location 
with  Mach  number  for  two  configurations  at  two  sweep  angles. 


Figure  22.-  Concluded. 
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CHARACTERISTICS  OF  SWEPT  WINGS  AT  HIGH  SPEEDS 
By  Charles  J.  Donlan  and  Joseph  Weil 

INTRODUCTION 

Progress  is  being  made  in  subjecting  to  systematic  study  some  of 
the  many  important  factors  affecting  the  behavior  of  swept  wings  at 
hi^  speeds.  In  this  paper  are  presented  some  of  the  results  of  recent 
swept-wing  investigations  that  were  undertaken  to  deteraiine  the  effects 
of  thickness  and  thickness  distribution,  camber  and  twist,  nose -flap 
deflection,  and  devices  or  "fixes"  for  improving  the  wing  pitching- 
moment  characteristics  at  high  lift  coefficients. 


SYMBOIS 


lift  coefficient 

Cjj  drag  coefficient 

C-n  . minimum  drag  coefficient 

■^min 

Cj^  pitching-moment  coefficient 

^2^  design  section  lift  coefficient 

L/D  lift-drag  ratio 

RN  Reynolds  number 

M Mach  number 

^c.p.  lateral  center  of  pressure,  percent  semispan 

b wing  span 

c wing  chord 

t maximum  wing  thickness 
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a 

angle 

of  attack 

X 

taper 

ratio 

A 

sweep 

angle 

^c/4 

sweep 

of  quarter-chord  line 

\e 

sweep 

of  leading  edge 

5n 

nose- 

flap  deflection 

EFFECT  OF  THICKNESS  AND  THICKNESS  DISTRIBUTION 
Lift-Curve  Slopes 


Wings  of  aspect  ratio  3.^.-  The  lift-curve  slope  is  a useful  index 
for  comparing  different  wings  because  it  gives  a direct  indication  of 
lift  effectiveness  and  has  an  important  influence  on  the  drag  due  to 
lift  for  thin  swept  wings  having  little  leading-edge  suction.  In  fig- 
ure 1 are  shown  the  results  of  a study  of  the  effects  of  thickness  and 
thickness  distribution  on  the  lift-curve  slope  (average  slope  from  0 
to  O.^C^)  for  various  Mach  numbers  for  a 4?°  sweptback  wing  of  aspect 

ratio  3*5  taper  ratio  0.2.  The  data  up  to  a Mach  number  of  1.15 
were  obtained  in  the  Langley  8-foot  hi^-speed  tunnel  (reference  l);  the 
data  at  M = 1.6  were  obtained  with  the  same  model  in  the  Langley  4-foot 
supersonic  pressure  tunnel  (unpublished).  The  fuselage  was  a cylindrical 
body  with  an  ogival  nose  that  was  just  large  enough  to  house  the  strain- 
gage  balance.  Variations  in  uniform  thickness  ratio  for  these  wings 
indicate  only  minor  differences  in  the  lift-curve  slope  and  all  wings 
possess  regular  although  rapid  variations  in  the  transonic  speed  range. 

In  the  lower  part  of  figure  1,  a comparison  has  been  made  of  the  lift- 
curve  slopes  of  a wing  with  a constant  thickness  ratio  of  6 percent  and 
one  having  a 6-percent-thick  section  over  only  the  outboard  60  percent 
of  the  semispan.  The  root  was  thickened  to  12  percent  and  tapered  to 
6 percent  at  the  40-percent  semispan  station.  It  is  of  interest  that 
the  tapered- in- thickness  wing  having  a thickness  ratio  at  the  fuselage 
juncture  of  about  10  percent  does  not  show  any  sudden  losses  in  lift  in 
this  range.  The  theoretical  variation  of  the  lift-curve  slope  (refer- 
ences 2 to  4)  has  been  added  to  indicate  the  confidence  with  which  the 
data  can  be  faired  in  the  Mach  number  range  for  which  data  were 
unavailable. 
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Wlnp;s  of  aspect  ratio  6.-  An  indication  of  the  influence  of  aspect 
ratio  on  this  thickness  effect  is  afforded  in  figure  2.  The  data  for 
the  wing  of  aspect  ratio  6 were  obtained  from  bump  tests  in  the  Langley 
7-  by  10-foot  hi^-speed  tunnel.  (See  reference  5- ) For  this  aspect 
ratio  and  sweep  angle,  it  is  apparent  that  a thickness  ratio  of  9 per- 
cent was  not  sufficient  to  avoid  losses  in  lift  in  the  transonic  range, 
although  the  losses  are  nowhere  near  so  severe  as  those  encountered  with 
the  12-percent-thick  wing;  however,  it  will  be  noted  on  the  lower  part 
of  this  chart  that  a tapered-in- thickness  wing  having  a 9-percent- thick 
root  section  and  a 3-percent- thick  tip  section  was  free  of  these  losses 
and  possessed  characteristics  similar  to  the  constant  6-percent- thick 
wing.  It  appears,  therefore,  that  some  thickening  at  the  root  of  a 
swept  wing  can  be  tolerated,  provided  the  outer  panel  of  the  wing  is 
thin  enough. 

It  has  been  observed  that  the  development  of  lift-slope  "buckets" 
such  as  those  shown  for  the  9-  12-percent- thick  wings  occurs  because 
of  a breakdown  in  flow  over  the  outer  wing  panel.  Consequently,  swept 
wings  of  high  aspect  ratio  having  this  characteristic  are  likely  also 
to  have  undesirable  pitching-moment  effects  at  low  lift  coefficients  as 
illustrated  in  figure  3-  These  are  the  same  wings  for  which  lift- curve 
slopes  are  shown  in  figure  2.  The  wings  exhibiting  the  very  erratic 
pitching-moment  behavior  at  M = 1.0  are  seen  to  be  the  same  wings  that 
reveal  a bucket-type  lift- curve-slope  variation  in  this  range.  The 
slopes  of  the  curves  of  pitching  moment  against  lift  are  plotted  for 
different  Mach  numbers  in  the  lower  left  part  of  the  figure  to  provide 
an  indication  of  the  range  over  which  this  difficulty  was  experienced. 
The  location  of  the  lateral  center  of  pressure  is  plotted  against  Mach 
number  in  the  lower  right  part  of  figure  3*  The  inboard  movement  of  the 
lateral  center  of  pressure  in  the  vicinity  of  Mach  number  1 for  the  9“ 
and  12-percent- thick  wings  is  evidence  that  the  losses  in  lift  are 
occurring  over  the  outer  panels  of  these  wings.  It  will  be  noticed  that 
this  behavior  did  not  occur  on  either  the  6- percent- thick  wing  or  the 
9 to  3 percent  tapered- in- thickness  wing. 

Effect  of  Sweep  Angle.-  The  effects  of  thickness  on  the  lift-curve 
slope  are,  of  course,  influenced  by  sweep  angle  as  well  as  by  aspect 
ratio.  Although  systematic  data  on  this  effect  are  scarce,  some  idea 
of  the  interdependency  of  these  factors  can  be  obtained  from  figure  k. 
This  figure  furnishes  a convenient  guide  for  estimating  those  combi- 
nations of  aspect  ratio,  thickness  ratio,  and  sweep  angle  that  are 
likely  to  provide  a smooth  variation  in  lift-curve  slope  through  the 
transonic  range.  The  preferred  combinations  of  these  factors  are  those 
falling  in  the  cross-hatched  regions  below  the  lines  of  constant  sweep 
angle.  The  boundary  for  the  zero-sweep  line  is  well  established  from 
experimental  data  but  the  boundary  for  45°  sweep  is  only  qualitative. 
Attention  is  called  to  the  fact  that  the  streamwise  thickness  ratio 
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constituting  the  abscissa  of  this  chart  may  be  the  root-mean- square 
value  for  a wing  that  is  tapered  in  thickness  and  plan  form. 


Minimum  Drag 

Wings  of  aspect  ratio  6.-  Data  obtained  from  rocket-model  investi- 
gations (reference  6 and  unpublished)  showing  the  effects  of  thickness 
and  thickness  distribution  on  minimum  drag  are  presented  in  figure  5- 
All  wings  were  of  aspect  ratio  6,  taper  ratio  0.6,  and  were  tested  on  a 
parabolic  body.  For  purposes  of  comparison,  the  body  drag  has  been  sub- 
tracted and  the  minimum  drag  of  the  wing- fuselage  combination  less 
fuselage  is  presented.  Although  some  mutual  interference  effects  are 
undoubtedly  present  at  Mach  numbers  close  to  1,  it  is  believed  that  at 
M = 1.25  these  interference  effects  are  small.  Therefore,  at  this  Mach 
number,  the  drag  is  cross-plotted  against  the  square  of  the  root-mean- 
square  thickness  ratio  of  these  wings.  It  appears  from  this  plot  that 
the  wings  with  the  thickness  modifications  are  probably  contributing  an 
amount  of  drag  consistent  with  their  weighted  thickness. 

Wings  of  aspect  ratio  3.5.-  Another  thickness  and  thickness-distri- 
bution study  has  been  completed  at  transonic  speeds  in  the  Langley  8-foot 
hi^-speed  tunnel  (reference  1)  and  the  Langley  4-foot  supersonic  pres- 
sure tunnel  (unpublished)  and  the  results  are  presented  in  figure  6. 

These  are  the  same  wings  for  which  lift-curve  slopes  were  presented  in 
figure  1.  The  wing- fuselage  minus  fuselage  drag  coefficients  (WF-F) 
show  the  expected  increases  with  thickness  ratio.  A cross  plot  of  the 
data  at  Mach  number  1.6  again  demonstrates  that  the  wing  with  the 
thickened  root  is  contributing  an  amount  of  drag  consistent  with  its 
weighted  thickness.  The  reason  for  the  delayed  drag  rise  of  the  wing 
with  the  thickened  root  is  not  understood.  It  may  be  that,  even  with 
the  small  fuselage  used  on  this  model,  favorable  interference  effects 
were  encountered. 

A study  of  the  effect  of  sweep  angle  on  the  characteristics  of  the 
4-percent  wing  of  this  family  has  also  been  made  and  the  minimum  drag 
results  for  the  wing- fuselage  less  fuselage  combination  are  given  in 
figure  7.  The  results  reflect  the  expected  changes  with  sweep  angle 
insofar  as  drag  rise  is  concerned.  Of  some  interest  is  the  fact  that 
the  drag  rise  for  this  series  of  wings  seems  to  have  occurred  at  just 
about  Mach  number  1,  as  contrasted  with  the  aspect— ratio— 6 wings  which 
showed  generally  increasing  drag  coefficients  up  to  Mach  number  1.4. 

The  calculated  pressure-drag  variation  as  determined  from  linear- 
theory  charts  (references  7 snd  8)  is  shown  for  each  of  the  swept  wings. 
Even  when  adjusted  to  account  for  frictional  effects  as  was  done  here, 
it  is  evident  that  these  theoretical  variations  supply  an  inadequate 
guide  for  estimating  the  magnitude  of  the  maximum  drag  rise  that  occurs 
at  sli^tly  supersonic  Mach  numbers. 
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Correlation  of  minimuni-dras  results.-  Inasmuch  as  the  excess  of 
thrust  over  drag  for  a jet-powered  airplane  equipped  with  afterburning 
may  be  critical  at  Mach  numbers  just  above  1,  a knowledge  of  the  drag 
in  this  region  is  especially  important.  It  has  been  observed  that  a 
number  of  wings  of  aspect  ratio  ^4-  possess  the  characteristics  exhibited 
by  the  wings  of  aspect  ratio  3*5i  that  is,  that  the  maximum  pressure- 
drag  rise  occurs  very  close  to  M = 1.  A correlation  of  this  drag  rise 
in  the  vicinity  of  M = 1 has  been  made  for  a number  of  wings  of  aspect 
ratio  about  4 by  using  an  empirical  approach  outlined  in  reference  9 
the  results  are  shown  in  figure  8.  The  lines  are  those  given  by  the 
empirical  formula  at  the  top  of  the  chart  where  the  thickness  is  taken 
in  the  stream  direction.  The  points  represent  data  from  the  indicated 
sources.  That  some  orderly  variation  seems  to  exist  for  the  pressure- 
drag  rise  in  the  vicinity  of  M = 1 seems  evident  but  whether  such 
correlations  can  be  extended  to  other  aspect  ratios  or  even  to  other 
sections  must  await  further  study. 


Pitching-Moment  Behavior 

Innumerable  low- speed  investigations  have  demonstrated  the  instal- 
bility  occurring  at  high  and  even  moderate  lift  coefficient  for  those 
combinations  of  sweep  and  aspect  ratio  that  may  otherwise  be  attractive 
from  performance  considerations.  It  may  be  of  interest  to  examine  the 
effects  of  Mach  number  on  this  pitching-moment  behavior  (fig.  9)*  The 
wings  of  aspect  ratio  6 were  tested  on  the  transonic  bump  in  the  Langley 
high-speed  7-  by  10-foot  tunnel  (reference  5)  ami  both  were  tapered  in 
thickness  as  indicated,  although  thickness  distribution  has  been  found 
to  have  little  effect  on  the  particular  characteristics  under  discussion. 
The  wings  of  aspect  ratio  4 were  investigated  in  the  Langley  8-foot  high- 
speed tunnel  (reference  10).  It  is  seen  that  the  severity  of  the 
pitching-moment  reversal  is  lessened  and  delayed  to  higher  lift  coef- 
ficients as  the  transonic  range  is  negotiated.  Of  particular  importance 
is  the  rearward  movement  of  the  aerodynamic  center  at  transonic  speeds 
which  tends  to  minimize  the  importance  of  the  pitching-moment  changes 
that  are  eventually  encountered  at  high  lift  coefficients.  It  would 
appear,  therefore,  that,  as  far  as  the  pitching-moment  behavior  is  con- 
cerned, the  most  critical  speed  regime  for  high-aspect- ratio  swept  wings 
is  likely  to  be  at  high  subsonic  Mach  numbers  where  the  pitching-moment 
characteristics  are  similar  to  those  encountered  at  low  speeds.  Of 
course,  tail-on  tests  will  be  required  before  any  such  conclusion  can  be 
stated  with  certainty. 
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METHODS  FOR  IMPROVING  PERFORMANCE  AND  STABILITY 

Performance 


Tvlst  and  camber.-  The  use  of  twist  and  camber  has  been  explored 
as  one  method  of  improving  both  the  stability  and  performance  of  swept 
wings.  Some  results  of  one  investigation  of  this  kind  are  shown  in  fig- 
ure 10.  This  investigation  was  conducted  in  the  12-foot  pressure  tun- 
nel at  the  Ames  Laboratory  at  a Reynolds  number  of  two  million.  (See 
reference  11.)  Both  wings  were  of  identical  plan  form.  One  had  an 
NACA  64A010  section  perpendicular  to  the  quarter-chord  line,  whereas  the 
other  had  an  NACA  64a810  section  peiq)endicular  to  the  quarter-chord  line 
and  was  washed  out  at  the  tip  as  indicated.  Insofar  as  any  improvement 
in  pitching-moment  behavior  is  concerned,  the  cambered  and  twisted  wing 
was  not  much  better  than  the  basic  wing  at  M = 0.85  and  at  M = O.9L 
it  was  worse.  From  this  and  other  investigations,  it  appears  that  some- 
thing more  than  camber  and  twist  is  needed  to  improve  the  high-speed 
pitching-moment  behavior  of  swept  wings  at  high  lift  coefficients.  To 
a certain  extent,  however,  the  study  of  this  problem  is  complicated 
because  at  low  speeds  those  wings  which  possess  a fairly  large  amount  of 
camber  and  twist  show  large  Reynolds  number  effects.  For  high-speed 
investigations,  the  Reynolds  numbers  have  been  relatively  low.  It  is 
evident,  however,  that,  at  this  Reynolds  number  at  least,  a substantial 
improvement  in  performance  at  M = O.85  resulted  from  the  use  of  camber 
and  twist  even  though  for  this  wing  the  beneficial  effect  had  vanished 
at  M = 0.94. 

It  has  been  possible  to  twist  and  camber  wings  for  improved  per- 
formance at  supersonic  speeds,  although  specific  examples  of  this  kind 
are  admittedly  few.  Figure  11  presents  the  maximum  lift-drag  ratios 
obtained  for  three  wings  designed  from  lifting-surface  considerations 
specifically  for  operation  at  supersonic  speeds.  The  aspect-ratio-3 
wing  was  tested  on  the  transonic  bump  at  a Reynolds  number  of  about 
one  million  and  was  designed  for  a uniform  pressure  loading  for  a lift 
coefficient  of  0.25  at  a Mach  number  of  1.1  (reference  12).  The  aspect- 
ratio-3.5  wing  was  designed  for  a uniform  loading  at  a lift  coefficient 
of  0.25  at  a Mach  number  of  1.53  and  was  tested  in  the  Ames  6-  by  6- foot 
supersonic  tunnel  at  Reynolds  numbers  up  to  3-5  million  (reference  13). 
The  arrow  wing  was  tested  in  the  Langley  9-iach  supersonic  tunnel  and 
was  designed  for  c^^  = 0.20  at  M = 1.62  (reference  l4).  For  each 

of  these  twisted  and  cambered  wings  a con^jarison  with  the  corresponding 
flat  wing  was  available.  It  is  evident  that  some  in5)rovement  was 
obtained  throughout  the  Mach  number  range,  at  least  for  the  Reynolds 
numbers  of  the  tests.  In  fact,  the  configurations  with  aspect  ratio  3.5 
and  2.6  represent  the  highest  lift-drag  ratios  that  have  been  obtained 
in  their  respective  Mach  number  ranges  for  purely  swept  wings.  The 


CONFIDENTIAL 


NACA  RM  L52A15 


CONFIDENTIAL 


7 


results  for  the  aspect- ratio-3  wing  are  for  wing-alone  data  and  the 
values  of  the  lift-drag  ratio  are  merely  indicative  of  what  might  be 
accomplished. 

Nose  flaps.-  One  convenient  device  for  studying  camber  effects  is 
the  nose  flap.  Preliminary  tests  have  been  made  to  explore  the  use  of 
nose  flaps  at  transonic  speeds  and  the  results  obtained  with  a small 
semispan  model  in  the  Langley  high-speed  7-  by  10- foot  tunnel  (unpub- 
lished) are  shown  in  figure  12.  The  ratio  5^  indicates 

that  the  advantages  of  nose  droop  alone  essentially  disappeared  at 
M = 0.975J  however,  with  3.5°  of  washout,  the  beneficial  effects  of 
nose-flap  deflection  were  apparent  at  the  highest  Mach  number  for  which 
data  were  available. 


Stability 

Regardless  of  the  improvements  in  performance  that  some  of  the 
modifications  discussed  may  lead  to,  the  problem  of  instability  at  high 
lift  coefficients  is  still  the  one  for  which  it  is  most  difficult  to 
find  a successful  solution.  Inasmuch  as  the  use  of  leading-edge  slats 
has  been  found  to  be  an  unattractive  method  for  overcoming  pitching- 
moment  difficulties  at  high  speeds,  a considerable  amount  of  research 
is  being  devoted  to  other  methods  of  improving  the  high-speed,  high-lift 
stability  characteristics  of  swept  wings. 

Fences  and  chord-extensions.-  Most  of  the  progress  that  has  been 
made  in  improving  the  pitching-moment  characteristics  of  swept  wings  so 
far  is  attributable  to  "fixes.”  Fences,  for  example,  are  known  from 
low-speed  investigations  to  result  in  considerable  improvements  in 
stability.  More  recently,  chord-extensions  have  indicated  considerable 
promise  at  low  speeds.  Some  recent  results  have  been  obtained  on  the 
relative  effects  of  fences  and  chord- extensions  at  high  subsonic  Mach 
numbers  and  the  results  of  one  such  investigation  are  shown  in  fig- 
ure 13.  The  investigation  described  in  figure  I3  was  conducted  on  a 
sting- supported  model  in  the  Langley  high-speed  7-  by  10-foot  tunnel  at 
a Reynolds  number  of  3-8  million  (unpublished).  The  particular  chord- 
extensions  used  were  determined  from  extensive  low-speed  investigations 
on  this  wing.  It  will  be  observed  that  at  M = 0.8  the  single  fence 
was  nearly  as  good  as  the  chord-extension  in  improving  the  character- 
istics up  to  a lift  coefficient  of  0.8  but,  at  higher  lift  coefficients 
and  especially  at  higher  Mach  numbers,  the  chord-extension  was  more 
effective.  Data  (fig.  l4)  for  a very  similar  wing  but  with  a 0.15c  chord- 

extension  were  obtained  at  a Reynolds  number  of  6 X 10^  in  the  Langley 
16-foot  transonic  tunnel  (unpublished).  At  M = 0.8,  the  improvement 
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obtained  with  the  chord -extension  was  remarkable  and,  although  the 
benefits  of  the  chord-extension  were  less  at  high  Mach  numbers,  some 
improvement  is  still  evident  at  a Mach  number  of  O.98. 

Inasmuch  as  the  nose-flap  results  discussed  earlier  showed  perform- 
ance gains,  the  effect  of  chord-extensions  and  fences  was  also  investiga 
ted  in  the  Langley  high-speed  7-  by  10-foot  tunnel  with  nose  flaps  defle 
ted  on  the  sting- supported  model  described  in  figure  I3.  The  results  of 
the  nose-flap  study  are  shown  in  figure  15  and  it  will  be  observed  that 
the  model  is  the  same  as  that  described  in  figure  13^  except  for  the 

0.20c  leading-edge  flaps  that  were  drooped  6°.  A comparison  of  the 
pitching-moment  data  with  that  of  figure  13  shows  that  the  nose  flaps  in 
themselves  are  relatively  ineffective  in  producing  any  improvements  in 
stability  but  that  some  improvement  was  obtained  with  a chord-extension 
or  a fence.  In  general,  the  chord-extension  was  more  effective  than  the 
fence  for  the  wing  regardless  of  whether  the  nose  was  drooped  or  not. 

The  effect  of  the  chord-extensions  on  the  maximum  lift-drag  ratio 
of  this  model,  both  with  and  without  nose  droop,  is  shown  in  figure  I6. 
Of  particular  interest  is  the  fact  that  whereas  the  chord-extension  on 
the  flat  wing  decreased  the  (L/D)^^ y "the  higher  Mach  number  for  the 

flat  wing,  the  chord-extension  on  the  wing  with  nose  flaps  actually 
increased  the  throughout  the  Mach  number  range.  Althou^ 

these  arrangements  are  not  considered  optimum,  they  do  indicate  one 
possibility  for  improving  both  the  performance  and  stability  of  swept 
wings.  At  the  present  state  of  our  knowledge,  these  devices  must  be 
explored  individually  on  each  wing  for  which  they  are  proposed. 

/ / 

RESUME 


In  brief  summary,  data  have  been  presented  which  indicate  that: 

1.  Swept  wings  having  appreciable  taper  in  thickness  appear  to  have 
characteristics  similar  to  those  which  would  be  expected  from  a similar 
wing  of  constant  thickness  ratio  equal  to  the  root-mean- square  thickness 
ratio  of  the  tapered  wing. 

2.  The  maximum  lift-drag  ratios  of  sweptback  wings  can  be  improved 
by  the  judicious  addition  of  camber  and  twist  up  to  a Mach  number  of  the 
order  of  2.4. 

3.  The  unstable  pitching-moment  variation  developed  by  swept  wings 
at  high  lift  coefficients  is  characteristic  throughout  the  subsonic  and 
transonic  Mach  number  range,  although  the  severity  of  this  effect 
appears  to  be  somewhat  diminished  at  transonic  speeds  partly  as  a result 
of  the  rearward  movement  of  the  aerodynamic  center. 
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4.  Arrangements  of  fences  and  chord-extensions  can  he  developed  on 
particular  swept  wings  which  materially  improve  the  stability  character- 
istics at  hi^  speeds  without  excessive  loss  in  performance. 


Langley  Aeronautical  Laboratory 
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Figure  1.-  Effect  of  thickness  and  thickness  distribution 
on  lift  characteristics.  A = 3.5. 
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Figure  2.-  Effect  of  thickness  and  thickness  distribution 
on  lift  characteristics.  A = 6.0. 
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Figure  Effect  of  thickness  and  thickness  distribution 
on  the  pitching-moment  and  lateral  center-of-lift 
characteristics.  A = 6.0. 


Figure  It.-  Influence  of  aspect  ratio,  thickness  ratio,  and 
sweep  angle  on  the  type  of  transonic  lift-slope  variation 
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Figure  Influence  of  thickness  and  thickness  distribu- 
tion on  minimum  drag.  A = 6. 
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Figure  6.-  Influence  of  thickness  and  thickness  distribu- 
tion on  minimum  drag.  A = 3.J. 
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Figiire  7.~  Effects  of  sweep  angle  on  mininium-drag 
characteristics.  A = 3.5. 
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Figure  8.-  Correlation  of  wave  drag  at  low  supersonic  speeds. 
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FigTjre  9.-  Mach  number  effect  on  the  pitching-moment  char- 
•acteristics  of  a number  of  swept  wings. 
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Figure  10.-  Comparison  of  pitching  moment  and  lift-drag 
ratios  of  a flat  and  a twisted  and  cambered  wing. 
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Figure  13 Separate  effects  of  chord-extensions  and  fences 
on  the  pitching— moment  characteristics,  RN  = 3-6  x 10^. 
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Figure  lU.-  Effect  of  chord-extensions  on  the  pitching- 
moment  characteristics  of  a swept  wing  at  transonic 

speeds.  RN  = 6,0  x 10^, 
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AN  ASSESSMENT  OF  THE  AIRPLANE  DRAG  PROBLEM 
AT  TRANSONIC  AND  SUPERSONIC  SPEEDS^ 

By  Charles  J.  Donlan 


SUMMARY 


The  airplane  drag  problem  at  transonic  and  supersonic  speeds  is  dis- 
cussed. The  area  rule  is  shown  to  be  a powerful  tool  that  provides  guid- 
ance for  the  airplane  designer  in  selecting  aerodynamic  features  compat- 
ible with  low  wave  drag.  The  factors  influencing  the  drag  of  bodies  of 
revolution  are  reviewed  and  the  effectiveness  in  reducing  wave  drag  of 
various  methods  of  improving  the  cross-sectional  area  distribution  of 
aircraft  configurations  is  illustrated.  It  is  demonstrated  that^  irre- 
spective of  the  method  adopted  for  improving  area  distribution,  a high 
effective  fineness  ratio  and  smooth  area  progressions  along  the  equiva- 
lent body  are  essential  to  the  achievement  of  low  drag. 


INTRODUCTION 


The  airplane  designer  is  interested  in  achieving  the  lowest  possi- 
ble drag  for  his  configuration.  For  aircraft  that  fly  at  less  than  the 
speed  of  sound,  this  requires  the  minimization  of  the  profile  drag  - 
essentially  friction  drag  - and  the  induced  drag.  For  aircraft  that  are 
to  fly  at  transonic  and  supersonic  speeds,  another  source  of  drag  must 
be  considered  - the  wave-making  drag.  The  drag  from  this  source  alone 
can  create  formidable  design  problems  as  illustrated  in  figure  1.  For 
the  flight  condition  assimied,  the  drag  coefficient  associated  with  level 
fli^t  increases  markedly  with  Mach  number  as  the  speed  of  sound  is 
approached  and  exceeded.  It  is  evident  that,  while  the  friction-drag 
component  and  the  trim-drag  component  (including  induced  drag)  are  still 
of  significance  at  supersonic  speeds,  the  wave-drag  component  is  respon- 
sible for  the  large  increase  in  drag  coefficient  shown.  The  wave-drag 
component  is  primarily  independent  of  the  lift  and  thus  can  usually  be 
analyzed  for  the  zero-lift  condition  (CPq)  • Because  it  is  of  such  great 


This  paper  was  originally  prepared  as  an  informal  talk  and  was  pre- 
sented at  a meeting  of  the  NACA  Committee  on  Aerodynamics  held  at  the 
Langley  Aeronautical  Laboratory  on  April  28,  1954. 
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importance  in  establishing  the  level  of  the  drag  curve,  a large  research 
effort  has  been  devoted  toward  methods  of  reducing  this  source  of  drag. 
This  paper,  therefore,  is  concerned  primarily  with  the  progress  that  has 
been  made  in  coping  with  the  wave-drag  problem. 


SYMBOLS 


A 

b 


Cp  . 

^min 


"Do 


cross-sectional  area  of  body;  also,  aspect  ratio 

wing  span 

drag  coefficient 

minimum  drag  coefficient 

zero-lift  drag  coefficient 


^CALC 

ACPexp 

(^)p 

^%B 


‘^max 

I 

M 

t 


^LE 


calculated  drag-rise  coefficient 
drag-rise  coefficient  of  equivalent  body 
experimental  drag-rise  coefficient 
drag-rise  coefficient  based  on  frontal  area 
drag-rise  coefficient  of  wing-body  configuration 
thrust  coefficient 

airfoil  chord 
maximum  body  diameter 

body  length 
Mach  number 
airfoil  thickness 
leading-edge  sweep 
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A taper  ratio 

X distance  from  nose  of  body 


THE  AREA  RULE 


The  key  to  understanding  why  certain  arrangements  of  airplane  com- 
ponents result  in  less  wave  drag  at  transonic  speeds  than  others  is  fur- 
nished by  the  aerodynamic  principles  expressed  so  conveniently  in  the 
so-called  area  rule.  These  important  aerodynamic  principles  were  demon- 
strated experimentally  less  than  two  years  ago  by  Whitcomb  (ref.  l)  and 
the  exject  on  airplane  design  philosophy  has  been  noteworthy.  In  this 
brief  period  of  time  nearly  every  transonic  and  supersonic  airplane  design 
has  been  influenced  in  some  way  by  area-rule  concepts . The  reason  for  its 
acceptance  is  that  the  area  rule  provides  the  airplane  designer  with  a 
tool  that  permits  him  to  assess  those  features  of  a design  that  should  be 
sought  for  - or  avoided  - if  wave  drag  is  to  be  kept  to  a minimum. 


pie  equivalent-body  concept.-  Figure  2 illustrates  the  basic  tenet 
of  the  area  rule,  which  states  that  the  wave  drag  of  an  airplane  config- 
uration depends  primarily  on  the  longitudinal  distribution  of  the  total 
cross-sectional  area.  This  concept  results  in  the  proposition  that  the 
wave  drag  of  a simple  equivalent  body  of  revolution  (that  is,  a body 
having  the  same  longitudinal  distribution  of  total  cross-sectional  area) 
would  be  the  same  as  the  drag  of  the  more  complex  wing -body  arrangement. 
The  cross-sectional  distributions  shown  are  obtained  by  passing  planes 
perpendicular  to  the  body  axis.  This  procedure  is  correct  for  a design 
Mach  number  of  1.0.  Although  originally  developed  as  a Mach  number  1.0 
concept,  the  area  rule  has  been  extended  to  supersonic  speeds  by  Whitcomb 
(ref.  2)  and  R.  T.  Jones  (ref.  3)j»  who  has  elegantly  molded  this  concept 
into  the  framework  of  linearized  body  theory.  In  the  supersonic  applica- 
tions of  the  area  rule,  the  geometric  considerations  involve  the  cross- 
sectional  distributions  formed  by  planes  tangent  to  the  Mach  cone  at 
various  orientations  about  the  longitudinal  axis  of  the  configuration. 

Experimental  verification.-  The  equivalent -body  concept  has  been 
subjected  to  experimental  verification.  In  figure  5 (from  ref.  4),  the 
measured  drag-rise  increments  at  M = 1.05  for  various  swept-wing, 
delta -wing,  and  unswept-wing — body  combinations  and  complete  airplanes 
^all  symbolized  by  compared  with  the  experimental  increments 

for  the  equivalent  bodies  of  revolution  The  aspect  ratios  of 

the  wings  are  4 or  less  and  the  wing  thickness-chord  ratios  (streamwise) 
are  0.07  or  less.  Deviations  from  exact  agreement  are  apparent  but,  in 
general,  qualitative  agreement  exists  between  the  drag-rise  increments, 
and  thus  the  basic  tenet  of  the  area  rule  appears  to  be  substantiated. 
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Progress  in  calculations.-  Utilizing  the  linear-theory  development 
of  Jones  (ref.  5),  Holdaway  (ref.  5)  has  computed  the  drag  rise  of  sev- 
eral wing-body-tail  configurations  at  various  Mach  numbers  and  compared 
his  results  with  the  experimental  drag-rise  values  obtained  with  freely 
falling  models.  This  comparison  is  presented  in  figure  4.  The  agree- 
ment is  good  in  the  regions  where  the  drag  rise  is  lowest,  although  pre- 
cise determination  of  drag  - for  example,  ACp  < 0.0015  - shoiild  not  be 

expected  from  any  computation  based  on  an  approximate  theory.  It  is 
significant,  however,  that  the  calculated  results  appear  to  he  as  relia- 
ble for  drag  predictions  near  M = 1 as  actual  experiments  with  equiva- 
lent bodies  (fig.  3),  and  for  supersonic  applications  the  theoretical 
procedure  is  to  be  preferred.  The  theoretical  method  outlined  in  refer- 
ence 5 is  perhaps  the  only  published  procedure  available  that  will  handle 
transonic  and  supersonic  calcuilations  of  this  nature  in  a relatively 
routine  manner.  Nelson  and  Stoney  (ref.  6)  have  published  an  empirical 
correlation  of  drag-rise  data  that  permits  estimates  of  drag-rise  incre- 
ments around  M = 1 but  the  method  has  not  been  extended  to  supersonic 
speeds. 


BODY  DRAG 


Knowing  that  the  transonic  drag  rise  of  his  airplane  will  reflect 
the  merits  of  its  equivalent  body,  it  is  obvious  that  the  airplane 
designer  would  want  his  design  to  have  a low-drag  equivalent  body  shape. 
Figure  5 shows  some  of  the  factors  governing  the  drag  of  bodies  at  tran- 
sonic and  supersonic  speeds  and  illustrates  the  penalties  imposed  by  low 
fineness  ratios  and  deviations  from  low-drag  shapes.  The  drag-rise  coef- 
ficient in  this  figure  is  based  on  body  frontal  area.  The  points 

represent  all  types  of  smooth  parabolic  bodies  for  which  rocket-model 
drag  data  are  available.  The  lowest  drags  are  obtained  with  bodies 
possessing  smooth  parabolic  profiles.  The  minimum  drag  variation  will 
be  found  to  be  inversely  proportional  to  the  square  of  the  fineness 
ratio,  as  theory  predicts.  For  a given  fineness  ratio  (z/dmax  = 9} 
example),  the  bodies  well  removed  from  the  minimum  drag  curve  are  found 
to  possess  steep  gradients  in  their  area  distributions,  as  shown.  It  is 
clear  that  the  requirement  for  low  drag  is  a high  effective  fineness 
ratio  and  a smooth  area  distribution  free  of  rapid  rates  of  change  of 
area  along  the  body.  The  position  of  the  maximum  diameter  for  minimum 
drag  is  a function  of  the  base  area  and  for  bodies  pointed  on  either  end 
it  is  at  0.5Z.  One  could  substitute  a Sears-Haack  shape  or  some  other 
profile  for  the  parabolic  shape  used  here  with  similar  results.  At  the 
higher  fineness  ratios  that  are  required  for  really  low  drag,  however , 
the  particular  choice  of  body  shape  is  a minor  variable  as  far  as  drag 
is  concerned. 
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AIRPLANE  DRAG 


FigTjre  6 is  prepared  in  the  same  fashion  as  figiire  5 except  that 
the  points  are  for  complete  airplane  configurations.  The  drag-rise  coef- 
ficient again  is  based  on  the  frontal  area  and  overall  fineness 


ratio  of  the  equivalent  bodies  of  revolution.  The  minimum  measured  body- 
drag  curve  and  the  theoretical  variation  are  replotted  from  figure  5. 

The  open  points  represent  the  drag  of  basic  or  initial  configurations. 

The  closed  and  half-closed  points  are  experimental  results  obtained  with 
modifications  that  were  made  to  the  basic  configuration  in  order  to 
improve  the  effective  fineness  ratio  of  the  equivalent  body.  These  modi- 
fications were  of  several  kinds.  It  is  of  interest  to  examine  a few  of 
the  cases  shown  to  highlight  some  of  the  experiences  of  the  NACA  in  uti- 
lizing various  methods  such  as  body  indentation,  body  lengthening,  body 
buildup,  and  the  juggling  of  the  aircraft  conponents  themselves  in  order 
to  approach  the  high-fineness-ratio  smooth  equivalent  body  for  which 
there  is  no  substitute  if  low  drag  is  to  be  achieved. 


Exairple  A.-  A partial  case  history  of  a delta-wing  model  identified 
as  example  A is  simnnarized  in  figure  7*  The  composition  of  the  area 
diagram  of  the  prototype  configuration  is  shown  in  the  upper  left-hand 
portion  of  the  figure.  Note  how  each  element  piles  on  top  of  the  other, 
especially  at  the  rear  of  the  fuselage.  The  rate  of  change  of  area  with 
length  at  the  rear  of  the  fuselage  is  thus  very  rapid  and  the  large  suc- 
tion forces  associated  with  this  area  gradient  at  transonic  speeds  is 
responsible  for  the  high  drag  rise  of  the  prototype  configuration.  In 
the  lower  right  of  the  figure,  the  area  distribution  of  the  prototype  is 
compared  with  the  area  distribution  of  the  modification.  By  "waisting" 
or  indenting  the  body  to  accommodate  the  wing,  partially,  and  by  length- 
ening the  fuselage,  the  area  distribution  of  the  revised  configuration 
is  obviously  improved  and  this  improvement  is  reflected  in  the  lower 
drag  levels  for  the  revised  design.  Even  larger  reductions  in  drag  are 
possible  if,  in  addition  to  the  modifications  incorporated  in  the 
revised  design,  the  nose  of  the  aircraft  could  be  changed  in  the  region 
shown  in  the  area  diagram. 


In  order  to  show  what  these  drag  gains  mean  in  airplane  performance, 
the  drag  in  pounds  has  been  evaluated  for  a selected  flight  condition 
and  compared  with  the  available  thrust  in  figiare  8.  It  will  be  seen 
that,  while  the  prototype  will  just  about  attain  sonic  speed  in  level 
flight,  the  revised  airplane  could  fly  level  at  M = I.I5.  More  startling 
performance  gains  are  possible  with  the  improved  nose  configuration. 

Example  B. - Figure  9 illustrates  how  adding  volume  to  an  unswept- 
wing  configuration  (example  B)  so  as  to  improve  the  area  distribution 
can  result  in  a lower  drag  configuration.  The  left  plot  of  the  figure 
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illustrates  the  M = 1 modification  that  is  example  B on  figure  6.  The 
right  portion  of  the  figure  illustrates  a supersonic  application  at 
M = 1.1^+.  The  experiments  were  conducted  with  free-fall  models  and  the 
calculations  were  carried  out  by  Holdaway  by  use  of  the  procedures  in 
reference  5.  The  volume  is  added  in  such  a manner  that  a Sears-Haack 
minimum-drag  shape  is  created  although  for  the  M = l.l4  case,  such  a 
shape  must  necessarily  represent  only  an  average  distribution.  The 
dashed  c\irve  represents  the  drag  of  the  original  configuration.  The 
points  are  for  the  modified  configuration.  The  solid  lines  are  from 
theoretical  calculations.  The  drag  improvements  are  significant  and  the 
agreement  between  the  experiments  and  the  calculations  remarkable. 

Example  C.  - In  figure  10  is  shown  an  example  of  how  adding  volume 
rearward  of  the  maximum  cross  section  of  a swept-wing  airplane  (exam- 
ple C)  reduced  the  severe  area  gradient  and  thus  significantly  reduced 
the  drag  rise.  The  volume  is  added  fairly  symmetrically  around  the  fuse- 
lage. Eighty  percent  of  the  inlet-stream- tube  area  was  allowed  for  in 
preparing  the  area  diagram.  The  wing-root  inlet  location  precluded  any 
improvement  in  the  area  diagram  ahead  of  the  wing  in  this  case. 

It  is  of  interest  that,  in  this  case,  the  transonic  drag  was  reduced 
by  virtue  of  an  improvement  in  the  afterbody  area  distribution  despite 
the  fact  that  the  maximum  cross-sectional  area  was  actually  increased 
somewhat.  Although  not  shown  in  this  figure,  some  reduction  in  the  drag 
level  has  been  foiond  to  be  still  evident  at  a Mach  number  of  2.0,  not 
withstanding  that  the  modification  was  laid  out  for  a Mach  number  of  1.0. 

Example  D.-  Thus  far,  the  examples  have  all  been  of  configurations 
characterized  by  engines  installed  in  the  fuselage.  An  interesting  exam- 
ple of  the  application  of  area-rule  principles  to  a configuration  with 
nacelles  (example  D)  is  summarized  in  figure  11.  The  undesirable  super- 
position of  components  on  the  original  arrangement  is  evident  from  the 
area  diagram  on  the  left-hand  plot  of  the  figure.  The  modified  design 
at  the  right  uses  elements  in  themselves  of  high  fineness  ratio  and  so 
positioned  that  the  resulting  area  distribution  approaches  a parabola 
over  much  of  its  length.  Although  the  area  distribution  was  laid  out 
for  M = 1,  the  components  are  all  of  such  excellent  proportion  in  them- 
selves and  the  contouring  is  accomplished  over  such  long  lengths  and 
with  such  gentle  slopes  that  the  distribution  apparently  remains  good 
even  for  supersonic  speeds  up  to  M = 1.4,  as  the  drag  results  indicate. 
Even  in  this  case,  however,  the  irregularities  in  the  area  distribution 
are  costly  and  the  drag  of  the  equivalent  body  is  actually  considerably 
higher  than  that  of  a true  parabolic  body  of  equal  fineness  ratio,  as 
can  be  seen  from  figure  6. 

It  is  not  always  possible  to  use  a completely  symmetrical  arrange- 
ment such  as  was  used  here  and  items  such  as  off-center  position  of  the 
wing,  incidence  of  the  wing,  and  noncirc\ilar  cross  sections  constitute 
items  for  continued  research. 
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LOW-DRAG  ARRANGEMENTS 


In  the  examples  cited,  the  effectiveness  of  certain  kinds  of  modifi- 
cations in  reducing  the  zero-lift  drag  has  been  illustrated.  Such  appli- 
cations have  not  been  100  percent  successful  and  continued  research  is 
needed  to  determine  how  the  drag  of  such  configurations  can  be  made  to 
aproach  more  nearly  that  which  might  be  expected  of  an  idealized  area 
pspibution.  There  are  a few  examples,  however,  of  wind-tunnel  models 
pat  have  evidenced  a very  low  drag  rise.  The  wings  of  these  configura- 
pons  were  also  twisted  and  cambered  in  order  to  minimize  the  drag  at 
lift.  Thus,  these  configurations  have  yielded  about  the  highest  lift- 
drag  ratio  thus  far  obtained  at  transonic  and  supersonic  speeds.  The 
maximum  lift-drag  ratios  (l/d)j^  are  shown  in  figure  12.  Of  special 

interest  is  the  wing-body  combination  designed  for  M = 1.1|-  (ref.  2) 
pat  uses  a wing  with  a streamwise  root  thickness  of  12  percent  chord, 
pis  design  was  made  possible  by  careful  contouring  of  the  wing-body 
juncture  according  to  supersonic  area-rule  concepts.  Up  to  M = l.U,  the 
cpracteristics  of  this  wing  compare  very  favorably  with  the  63°  swept 
png  of  thinner  ap  more  flexible  construction  that  was  designed  for 
^ ~ 1*55  (ref.  7)-  Details  of  the  68°  swept  wing  designed  for  M = 1 6 
pn  be  found  in  reference  8.  Figure  12  also  illustrates  the  well-known 
fact  that  the  values  of  (l/d)j^  obtainable  at  supersonic  speeds  - at 

least  by  conventional  means  - are  low  conrpared  with  subsonic  values. 


CURRENT  RESEARCH  TRENDS 


The  possibility  of  obtaining  more  complete  cancellation  of  wave 
drag  for  wing-body  combinations  operating  at  supersonic  speeds  is  being 
explored  analytically  and  experimentally  by  the  NACA.  Some  recent  theo- 
retical work  of  Heaslet  and  Lomax  of  the  Ames  Laboratory  is  of  interest. 
Briefly,  they  are  exploring  the  effectiveness  of  distorting  the  cross- 
sepipal  shape  in  varying  degrees  along  the  body  length  according  to  a 
plculated  pattern  in  order  to  achieve  a more  substantial  reduction  in 
drag.  The  NACA  is  continuing  experimental  work  of  a similar  natvire  on 
the  effects  of  asymmetric  wing-body  modifications  under  lifting  condi- 
tions. Important  research  on  the  interference  effects  of  jets  on  drag 
is  under  way.  The  proWem  of  handling  inlet  air  and  assessing  its  effect 
p the  drag  is  also  being  actively  pursued.  New  methods  of  analysis  are 
being  explored.  Most  of  these  developments  in  general  have  not  reached 
a stage  where  concrete  recommendations  regarding  their  use  can  be  made 
and  are  mepioned  here  only  to  emphasize  the  fact  that  this  is  a rapidly 
changpg  peld  of  research,  in  which  many  people  are  working  and  new 
contributions  may  be  expected. 
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CONCLUSIONS 


At  the  present  time,  there  are  certain  conclusions  that  can  he 
drawn  relative  to  the  work  done  thus  far  on  the  problem  of  reducing 
wave  drag,  as  follows: 

1.  The  area  rule  is  a powerful  tool  that  provides  guidance  for  the 
airplane  designer  in  selecting  aerodynamic  features  compatible  with  low 
wave  drag. 

2.  Analytical  methods  have  been  developed  that  permit  quantitative 
evaluation  of  the  wave -drag  level  likely  to  be  experienced  with  a given 
design. 

3.  For  any  airplane  configuration,  a high  effective  fineness  ratio 
and  smooth  area  progressions  along  the  equivalent  body  for  the  design 
Mach  number  are  essential  to  achieving  a low  wave-drag  level. 

h-.  Continued  research  is  needed  especially  to  exploit  the  possibili- 
ties of  more  complete  cancellation  of  wave  drag  and  regarding  the  effects 
of  jet  inlet  and  exit  flows  on  airplane  drag. 


Langley  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 
Langley  Field,  Va.,  J\me  8,  195^* 
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Figure 
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1.-  Composition  of  drag  for  delta-wing  design  in  level  flight  at 
an  altitude  of  55,000  feet. 


Figure  2.-  Wing-body  combination  and  equivalent  body. 


CONFIDENTIAL 


NACA  RM  L5^^F16 


CONFIDENTIAL 


11 


^^Deq. b 


Figure  5*-  Comparison  of  experimental  drag-rise  coefficients  at  M = 1.05. 


Figure  4.-  Comparison  of  calculated  and  experimental  drag-rise  coefficients 
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Figure  5*-  Effects  of  fineness  ratio  and  profile  shape  on  body  drag. 


FINENESS  RATIO, 

Figure  6.-  Airplane  drag  rise  based  on  fineness  ratio  and  frontal  area 

of  equivalent  body. 
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It’igure  7«-  Example  A. 


Effect  of  body  modifications  on  delta-wing  airplane. 


Figure  8.-  Effect  of  body  modification  on  performance  of  delta-wing 

airplane  at  55^000  feet. 
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Figure  9 


Figure 


^=4-  A--3,  X = .4,t/C^.03 


Example  B.  Effect  of  adding  volume  to  unswept-wing  airplane. 


10.-  Example  C.  Effect  of  adding  volume  to  swept-wing  airplane 
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Figure  11.-  Example  D.  Applications  of  area- rule  concepts  to  multiengine 

airplane . 


A =4.0 


Figure  12.-  High  ( ^ ) configurations. 
\^/MAX 
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THE  PROGRAM  AND  ITS  OBJECTIVES 
By  Charles  J.  Donlan*  and  Jack  C.  Heberlig** 
NASA  Space  Task  Group 


SUMMARY 


Project  Merciiry  is  reviewed  in  the  light  of  experience  gained  thus 
far  in  the  technical  implementation  of  this  Nation's  initial  program  for 
manned  orbital  flight.  Initial  guidelines  formulated  for  the  Merc\iry 
program  are  reviewed  together  with  some  of  the  technical  considerations 
that  have  influenced  the  design  of  the  capsule  and  the  operational  plan 
for  the  booster- capsule  vehicle. 

The  role  of  the  astronaut  in  the  Mercury  program  is  discussed  and 
some  observations  are  made  concerning  the  impact  of  the  Mercury  program 
on  future  manned  space  ventures. 


PROGRAM  CONCEPTS 


Project  Merciiry  received  official  status  on  October  5^  1958,  when 
it  became  an  active  NASA  program,  although  a good  deal  of  the  preliminary 
planning  in  research  activity  extended  back  12  to  l8  months  preceding 
this  date.  At  that  time,  certain  guidelines  were  adopted  by  NASA  for 
the  implementation  of  this  project.  These  original  guidelines  are  listed 
in  figure  1 and  they  still  constitute  the  basic  program  concepts  for 
Project  Mercury. 


Objectives 

The  main  objectives  of  Project  Mercury  are  (l)  to  insure  safe 
orbital  flight  and  recovery  of  a man  in  the  space  capsule  and  (2)  to 
study  man's  capabilities  in  a space  environment.  In  the  initial  manned 
orbital  flight  of  Project  Mercury,  the  first  objective  will  undoubtedly 
receive  much  popular  emphasis.  However,  the  more  far-reaching  and 
scientific  objective  of  the  Mercury  program  is  to  study  man  in  a space 
environment.  This  study  may  well  influence  the  next  generation  of  space- 
craft. This  objective  will  be  discussed  more  fully  subsequently. 

*Associate  Director  of  PROJECT  MERCURY 

**Technical  Assistant,  Office  of  the  Project  Director 
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Basic  Principles 

In  regard  to  the  basic  principles,  the  approach  taken  was  to  use 
the  simplest  and  most  reliable  methods  known  and  to  minimize  new  devel- 
opments. Also,  systems  reliability  was  to  be  demonstrated  by  a progres- 
sive buildup  of  tests.  In  this  way,  the  primary  objectives  could  be 
attained  in  the  most  reliable  manner  in  the  least  amount  of  time. 


Method 

The  method  used  to  carry  out  the  program  is  also  outlined  in  fig- 
ure 1.  A high-drag  ballistic  reentry  shape  was  selected  for  the  basic 
design.  In  the  present  state  of  technology,  this  decision  still  appears 
to  be  a sound  one.  By  modifying  the  adapter  section  of  the  Atlas  ICBM 
booster  to  receive  the  capsule,  this  booster  can  be  used  to  put  the 
capsule  in  orbit.  A cluster  of  solid-propellant  retrorockets  were 
adapted  for  positive  reentry.  After  the  high  reentry  velocity  is  reduced 
because  of  aerodynamic  drag  on  the  blunt  shape,  a parachute  recovery 
system  will  lower  the  capsule  to  earth.  In  order  to  provide  the  astro- 
naut with  a positive  means  of  escape  from  a malfunctioning  rocket,  an 
escape  system  was  provided.  Recent  tests  of  this  system  simulating  an 
off-the-pad  abort,  an  abort  at  maximum  dynamic  pressure  on  exit,  and  an 
abort  at  a very  high  altitude  and  velocity  have  all  been  successful. 

The  parachute  recovery  system  is  also  being  extensively  tested  to  assure 
high  reliability.  Nevertheless,  the  astronaut  is  provided  with  a backup 
reserve  parachute  in  case  malfunction  of  the  primary  parachute  occurs. 


CAPSULE  AND  ESCAPE  SYSTEM  CONEIGURATION 


Figure  2 shows  the  capsule  with  and  without  its  escape  system.  The 
retrorocket  package  and  heat  shield  can  be  seen  on  the  bottom  of  the 
capsule.  The  heat  shield  is  of  the  ablative  type  and  is  made  of  a phe- 
nolic resin.  Three  retrorockets  are  used  to  initiate  the  descent  from 
orbit.  The  metal  shingles  on  the  afterbody  are  made  of  cobalt  alloy 
which  dissipates  the  reentry  heat  by  radiation.  This  type  of  construc- 
tion allows  full  expansion  in  all  directions.  The  parachute  recovery 
system  is  contained  in  the  upper  cylinder.  The  maximijm  diameter  of  the 
capsule  is  about  7^  Inches.  The  launch  configuration  shown  on  the  left 
of  figure  2 is  approximately  25  feet  in  height.  The  tower  escape  system 
allows  the  capsule  to  be  pulled  away  from  the  immediate  vicinity  of  the 
booster  at  any  time.  To  date,  there  have  been  no  booster  malfunctions 
that  would  have  prevented  a safe  escape  of  the  capsule  from  the  scene 
of  Immediate  danger. 
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Figure  5 has  been  prepared  to  show  the  relative  position  of  the 
astronaut,  the  window,  and  the  emergency  egress  hatch.  The  astronaut 
is  shown  in  a semisupine  position  with  his  back  toward  the  heat  shield. 

The  window  and  egress  hatch  are  two  modifications  that  have  been  made 
to  the  capsule  since  its  initial  design.  The  window,  directly  above 
the  astronaut's  head,  has  been  added  to  allow  him  to  make  observations 
independent  of  the  periscope.  The  hatch,  on  the  astronaut's  right,  has 
been  developed  so  the  astronaut  coxild,  in  case  of  some  unforeseen  emer- 
gency after  landing,  exit  from  the  capsule  quickly.  As  the  astronaut 
turns  the  hatch  handle,  primacord  is  exploded  in  such  a manner  as  to 
cause  the  hatch  structure  to  fail  and  thus  fall  free. 

When  all  the  many  systems  and  subsystems  are  consolidated  and  inte- 
grated within  the  capsule  structure,  the  Merc\iry  capsule  interior  arrange- 
ment would  be  similar  to  the  sketch  presented  in  figure  4.  The  capsule 
is  complicated  by  the  redundant  systems  which  have  been  added  for 
increased  safety.  Starting  from  the  small  end  of  this  sketch  (from 
right  to  left),  one  can  distinguish  the  antenna  can,  the  two  horizon 
scanners,  the  parachute  package,  the  pitch  and  yaw  jets  and  associated 
plumbing,  the  periscope  housing,  the  astronaut's  instrument  panel,  the 
side-arm  controller,  and  sundry  electronic  and  power  packages.  The 
environmental- control  system  is  mainly  below  the  astronaut's  couch. 

The  capsule  is  completely  automatic,  but  provisions  have  also  been  made 
for  piloted  operation.  Each  system  has  a backup,  and  in  the  area  of 
comm'unications,  there  are  several  backups.  There  are  two  telemetry  sys- 
tems for  sending  back  capsule  data  and  pilot  data.  Also,  there  are 
onboard  recorders  which  collect  the  same  information  sent  by  telemetry. 

The  astronaut  may  take  over  completely  and  perform  all  the  functions 
of  the  automatic  control  system.  Because  of  the  parallel  manual  system, 
he  will  also  be  able  to  fly  any  mode  that  might  fail  on  the  automatic 
system. 


MAJOR  CAPSULE  SYSTEMS 


All  the  major  Mercury  capsule  systems  have  been  described  in  ref- 
erence 1.  Some  facts  on  a few  of  the  systems  of  special  interest  are 
discussed  briefly  in  the  following  sections. 


Instrument  Panel 

The  instrument  panel  is  shown  in  figure  5*  The  controls  and  displays 
on  this  panel  are  grouped  as  to  function.  The  group  on  the  left  side  has 
various  pilot  controls  such  as  those  concerned  with  the  attitude  control 
system  and  the  retrorockets.  The  two  large  handles  are  for  decompression 
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and  repressxirization.  Decompression  would  be  the  method  used  for 
extinguishing  a fire. 

The  next  group  is  a sequencing  display.  This  consists  of  a series 
of  lights  arranged  in  sequence  and  designed  so  as  to  indicate  whether 
the  various  functions  occ\arred,  or  did  not  occur,  at  the  proper  time. 

A green  light  comes  on  when  the  function  does  indeed  occur  and  a red 
light  comes  on  when  there  is  some  failure  in  the  automatic  f\mctioning. 

The  handle  just  to  the  left  of  each  light  is  the  pilot's  control  to 
override  and  correct  the  failure  of  any  particular  function.  The  light 
at  the  very  top  of  this  group  is  the  abort  light  which  comes  on  in  the 
event  an  abort  is  initiated.  If  the  abort  does  not  occur,  the  pilot  can 
abort  by  using  his  left-hand  grip.  The  switch  immediately  under  the 
abort  light  is  the  pilot's  "ready"  switch.  This  switch  is  used  prior 
to  launch  to  light  up  a "ready"  light  on  the  test  conductor's  panel  in 
the  blockhouse. 

The  next  series  of  dials  are  flight  instrumentation.  The  dials 
indicate  acceleration,  rate  of  descent,  altitude,  and  the  fuel  supply 
in  the  hydrogen  peroxide  tanks.  The  top  center  of  the  panel  is  the 
attitude  display.  This  combination  display  shows  rate  and  attitude  in 
pitch,  roll,  and  yaw.  The  rate  display  is  in  the  center,  surrounded  by 
the  attitude  displays  consisting  of  three  dials.  This  particular  dis- 
play for  attitude  control  was  arrived  at  after  a number  of  simulation 
flights  were  made  with  various  types  of  displays.  The  astronaut  control 
of  attitude  will  be  aided  by  the  periscope,  which  is  located  in  the  cen- 
ter and  below  the  instrument  panel,  and  a window,  which  is  located 
directly  above  the  panel.  The  astronaut  will  be  able  to  see  the  horizon 
in  back  of  the  capsule  through  this  window  in  the  normal  orbital  attitude 
of  l4°  as  well  as  in  the  retrofiring  attitude  of  54°.  The  periscope 
provides  the  astronaut  with  a view  of  the  earth  beneath  the  capsule . 

He  can  control  the  attitude  by  location  of  the  earth's  image  in  the 
periscope . 

The  instrument  in  the  left  center  is  a dead-reckoning  type  of  device 
which  consists  of  a small  model  of  the  earth,  clock-driven  to  rotate  in 
time  with  the  orbit.  In  the  right  center  is  the  satellite  clock,  which, 
in  addition  to  firing  the  retrorockets,  indicates  time  of  day,  the  lapsed 
time  since  launch,  and  time-to-go  for  retrorocket  firing.  The  astronaut 
is  provided  with  an  additional  time-to-go  dial  which  he  may  set  for  any 
desired  event  and  also  a separate  stop  watch. 

The  environmental -control- system  Instrumentation  is  grouped  in  the 
upper  right-hand  corner  of  the  instrument  panel.  This  group  indicates 
the  following  environmental-control-system  instrumentation:  cabin  pres- 

sure, temperature,  relative  humidity,  and  oxygen  partial  pressure; 
primary  and  emergency  oxygen  supply  pressure;  and  carbon-dioxide  partial 
pressure  downstream  of  the  lithium  hydroxide  canister  in  the  pressure-suit 
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control  system.  Controls  for  the  cab in-pressure- system  fans  are  pro- 
vided on  this  panel.  A warning-light  panel  is  installed  adjacent  to 
the  environmental- control-system  instrumentation.  This  panel  gives  the 
astronaut  visual  warning  of  major  systems  failures.  At  the  same  time, 
an  auditory  warning  system  is  actuated  when  failirre  occurs.  The  astro- 
naut would  turn  off  the  auditory  warning  signal  by  actuating  a switch 
located  by  the  light  and  then  take  corrective  action.  Warning  lights 
are  provided  for  loss  in  cabin  pressurization,  depletion  of  primary 
oxygen  supply,  emergency-rate  mode  of  operation,  decrease  in  cabin  oxygen 
partial  pressure  below  3 psi,  increase  of  carbon-dioxide  partial  pressure 
to  5 percent  in  the  pressure-suit  circuiL,  and  excessive  cooling  water 
to  the  suit  and  cabin  heat  exchangers.  A telelight  panel  is  located  on 
the  left  console  to  give  the  astronaut  indication  of  flight-event  sequen- 
tial operation.  On  this  panel  the  laimch  oxygen  supply  and  snorkel  opera 
tion  are  presented.  Manual  backup  controls  are  installed  adjacent  to 
the  lights . A green  light  indicates  that  the  event  has  occurred j a red 
light  indicates  the  event  has  not  occurred.  Heat -exchanger  water-flow 
controls  and  the  emergency-rate  valve  control  are  located  on  the  right 
console  which  is  not  shown  in  this  figure. 

The  instrument  panel  and  astronaut  will  be  photographed  in  flight. 

In  addition,  the  data  from  the  system  instrumentation  will  be  te].em- 
etered  and  recorded  by  onboard  recorders.  Continuous  physiological  data 
on  the  astronaut's  condition  in  flight  will  be  made  with  electrocardio- 
gram, body  temperature,  and  respiration' rate  and  depth  measurements. 

These  data  will  be  recorded  by  onboard  recorders  and  will  be  telemetered. 


Environmental  Control  System 

The  Mercury  environmental  control  system  (fig.  6)  maintains  the 
environment  for  the  astronaut  at  a temperature  between  50°  90°  F. 

(See  ref.  2.)  The  astronaut  may  manually  select  the  temperature  in 
this  range  that  makes  him  most  comfortable.  During  reentry,  when  the 
cabin  air  temperature  may  approach  l80°*  F,  the  suit  environmenta].- control 
systems  will  still  maintain  the  air  in  the  pressure  suit  within  t,he 
desired  temperature  range.  The  system  is  capable  of  operating  for  about 
32  hours.  Body  odor  is  removed  by  use  of  activated  charcoal,  and  carbon 
dioxide  is  removed  by  the  use  of  lithium  hydroxide.  Fresh  oxygen  enters 
the  suit  at  the  torso  and  exits  at  the  helmet.  As  the  oxygen  leaves  the 
helmet,  it  enters  a debris  trap  where  small  particles  are  removed  and 
then  it  moves  through  the  odor  absorber  and  carbon  dioxide  absorber.  A 
filter  is  provided  downstream  of  the  carbon  dioxide  absorber  in  order 
to  prevent  lithium  hydroxide  dust  from  contaminating  the  suit  oxygen. 

The  temperatiire  of  the  gas  is  lowered  in  the  heat  exchanger  and  water 
is  removed  in  the  water  absorber.  The  resulting  drop  in  pressure  is 
counteracted  by  an  increased  supply  of  gas  from  the  oxygen  bottle.  Ten 
cubic  feet  per  minute  is  the  flow  rate  through  the  suit  at  approximately 
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5 psi.  Considering  the  fact  that  this  system  only  weighs  about  150  pounds 
it  represents  indeed  a noteworthy  engineering  accomplishment. 


Automatic  Stabilization  and  Control  System 

One  of  the  more  complex  systems  in  the  capsule  is  the  automatic 
stabilization  and  control  system.  Figure  7 shows  the  normal  operation 
of  this  system.  The  Atlas  and  capsule  configuration  at  lift-off  is 
shown  in  the  left-hand  part  of  this  figure.  When  the  Atlas  drops  its 
booster  engines,  an  event  known  as  staging,  the  capsiile  removes  the 
escape  rocket  by  firing  a special  jettison  rocket.  The  Atlas  booster 
then  follows  a tilt  program  which  yields  an  orbital  altitude  of  approxi- 
mately 105  nautical  miles  at  the  time  of  insertion.  At  booster  cutoff, 
the  capsule's  posigrade  rockets  fire,  separating  the  capsule  from  the 
booster  as  shown  in  position  B in  figure  7*  The  stabilization  system 
maintains  capsule  rate  dairying  for  5 seconds  until  all  oscillations  of 
the  capsule  have  been  stopped.  The  capsule  then  is  oriented  to  the 
retrorocket  firing  attitude  as  shown  in  position  C.  The  capsule  is 
maintained  in  this  attitude  for  5 minutes.  In  this  time  period,  ground 
tracking  stations  can  determine  if  capsule  orbital  velocities  and  inser- 
tion angles  are  correct  enough  to  allow  the  capsule  to  maintain  itself 
in  orbit.  The  capsule  is  then  oriented  into  the  normal  orbital  attitude 

, 1 o 

as  shown  in  position  D.  The  capsule  is  maintained  in  a 14^  blunt-end-up 

position.  This  permits  the  astronaut,  with  the  aid  of  the  periscope,  to 
see  past  the  larger  heat  shield  end.  Also  the  retrorockets  are  in  the 
right  position  for  reentering  immediately,  in  case  of  emergency.  The 
automatic  stabilization  and  control  system  next  orients  the  capsule  into 
the  retrof iring  attitude  as  shown  in  position  F . After  retrofiring, 
the  capsule  is  oriented  to  the  reentry  attitude  as  shown  in  position  G, 
and  the  retropackage  is  jettisoned.  As  the  capsule  enters  the  atmosphere 
the  control  system  introduces  a roll  rate  of  10  to  12  degrees  per  second 
and  also  maintains  rate  damping,  which  prevents  large  capsiile  oscillation 
from  building  up.  At  about  42,000  feet,  the  drogue  parachute  is  deployed 
and  its  action  gives  stability  to  the  capsule  prior  to  deploying  the  main 
parachute  at  10,000  feet.  Upon  Impact  into  the  water,  a small  balloon  is 
released  carrying  an  antenna  aloft  to  aid  in  capsule  recovery . 


ACCELEIIATION  AND  IMPACT  ATTENUATION 


One  of  the  major  concerns  in  the  design  of  the  Merctiry  capsule  is 
to  protect  the  pilot  from  excessive  accelerations  dioring  flight  and  in 
landing.  The  escape  rocket,  if  fired  in  an  off-the-pad  abort  or  at  high 
altitude  where  the  drag  forces  are  low,  would  place  upon  the  astronaut 
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an  acceleration  level  of  20g  for  a period  of  almost  1 second.  Impact  on 
the  water  would  give  acceleration  levels  as  high  as  40g  for  a few  milli- 
seconds. A contoiired  couch  which  evenly  distributes  a man's  weight  was 
developed  and  tested.  Normal  exit  G profiles  were  run,  and  the  subjects 
demonstrated  ability  to  control  and  do  tasks  which  are  necessary  for 
normal  capsule  functions.  Tests  in  which  accelerations  reached  values 
as  high  as  25g  were  also  conducted  and  demonstrated  the  validity  of  this 
support  system  in  case  of  the  escape-rocket  firing.  However,  a major 
problem  still  existed  for  the  case  of  land  impact  or  Impact  on  the  water 
with  a high  horizontal  wind  profile.  It  is  believed  that  a satisfactory 
solution  to  this  problem  has  been  accomplished  by  the  accordion-like  air 
cushion  design  shown  in  figure  8.  The  air  cushion  consists  of  a 4-foot 
skirt  made  of  rubberized  Fiberglas  that  connects  the  heat  shield  to  the 
rest  of  the  capsule.  After  the  main  parachute  is  deployed,  the  heat 
shield  is  released  from  the  capsule  and  the  bag  fills  with  air.  Upon 
impact,  the  airtrap  between  the  heat  shield  in  the  capsule  is  vented 
through  holes  in-  the  skirt  as  well  as  through  portions  of  the  capsule 
which  are  not  con^jletely  airtight.  Thus  the  desired  cushioning  effect 
is  provided. 


MERCURY  FLIGHT  TEST  VEHICLES 


In  the  preceding  sections  the  capsule  and  its  features  have  been 
discussed.  In  this  section  the  booster  for  the  Mercury  capsule  and  the 
steps  taken  to  assure  its  reliability  are  discusset^. 

Figure  9 shows  the  three  rocket  flight  test  vehicles  used  in  Project 
Mercury.  The  Little  Joe  System  shown  at  the  left  is  a cluster  of  solid- 
propellant  rocket  motors  used  in  the  research  and  development  program. 

No  manned  flights  are  contemplated  with  this  booster  although  successful 
flights  with  small  primates  aboard  the  capsule  have  been  made.  The 
Redstone  Booster  shown  in  the  center  of  figure  9 will  be  used  for  training 
flights  for  the  astronauts.  Before  the  astronauts'  training  program 
begins,  an  animal  will  be  sent  aloft  in  one  of  the  earlier  flights  to 
demonstrate  the  system.  The  Mercury-Atlas  combination  is  shown  at  the 
right.  In  the  Atlas  program,  animals  will  also  be  sent  aloft  before  a 
man  is  put  in  orbit. 

The  reliability  of  each  of  these  systems  is  of  obvious  importance 
in  this  program.  Figure  10  outlines  a quality  assurance  program  being 
followed  in  the  booster  programs.  Standard  booster  hardware  is  being 
used  to  take  advantage  of  all  the  experience  gained  in  conducting  the 
weapons  system  program  of  which  the  basic  boosters  are  a part.  The 
reliability  of  each  system  will  be  based  upon  the  nominal  performance 
of  each  individual  component  and  subsystem.  Also,  as  these  systems  are 
assembled  in  the  various  industrial  plants,  each  part  is  being  marked 
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or  tagged  with  a Project  Merciiry  label.  Although  the  assembly-line 
technique  has  been  established  for  these  boosters,  100-percent  inspec- 
tion of  all  parts  will  take  place  to  assure  the  highest  quality  control 
possible.  Upon  assembly  of  a booster  system,  a comprehensive  rollout 
inspection  will  be  made.  The  history  of  all  parts  going  into  a partic- 
ular booster  will  be  carefully  documented  and  reviewed.  In  this  maimer, 
the  operational  proficiency  of  all  systems  and  their  individual  compo- 
nents are  made  known.  After  the  capsule  has  been  mated  to  the  booster 
and  the  mechanical  and  electrical  integration  is  completed,  a flight 
safety  review  board  will  be  held.  This  review  board  reports  on  uhe 
overall  expected  reliability  of  the  two  systems  - that  of  the  capsule 
and  booster  together.  Only  after  the  capsule -booster  combination  meets 
the  requirements  of  the  flight  safety  review  board  will  approval  for 
flight  be  given. 


MERCURY  ORBIT,  TRACKING,  AND  RECOVERY 


Orbit  Selection  Criteria 


Selection  of  the  firing  azimuth  is  very  important  in  the  overall 
Mercury  operation.  Figure  11  presents  the  orbit  selection  criteria 
used.  It  was  most  advantageous  to  use  the  existing  tracking  stations 
established  for  other  National  programs.  (See  ref.  5.)  This  resulted 
in  the  minimum  number  of  additional  stations  which  had  to  be  implemented. 
A total  of  17  stations,  including  the  control  center  at  Cape  Canaveral, 
will  be  active  while  the  Merc\iry  capsule  is  in  orbit.  ^ Of  these  17^  two 
of  the  stations  will  be  located  onboard  ship  in  the  mid-Atlantic  and 
Indian  Oceans.  At  each  tracking  station,  there  will  be  telemetry  read- 
out giving  the  personnel  real-time  indication  of  the  pilot's  condition 
and  the  capsule  systems.  Prior  to  each  flight,  aeromedical  and  capsule 
systems  specialists  will  be  sent  to  each  of  the  monitoring  stations 
facilities.  After  each  flight,  these  specialists  will  aid  in  evaluating 
the  pilot  and  capsule  systems'  performance.  The  down-range  tracking 
facilities  of  the  Atlantic  Missile  Range  will  be  used  for  the  normal 
reentry  tracking.  In  this  way,  the  capsule  may  be  followed  on  rad^ 
from  the  time  it  begins  its  reentry  until  impact.  Constant  communica- 
tion by  voice  will  be  possible  during  this  time.  In  order  to  deterMne 
the  exact  altitude  and  velocity  of  the  capsule,  the  tracking  facilities 
in  the  continental  United  States  will  be  used  extensively  for  detemining 
the  correct  time  of  retrofiring  so  that  the  capsule  will  land  in  the  pre- 
dicted impact  area.  In  the  United  States,  there  are  six  such  trackl^ 
installations.  Another  requirement  for  the  orbit  selection  is  t^t  the 
capsule  should  pass  over  friendly  territory  and  maintain  itself  in  a 
temperate  zone.  It  is  of  interest  to  review  the  philosophy  used  in 
establishing  the  ground-station  requirements. 
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Grovind  Stations 


Figure  12  presents  the  ground- station  selection  criteria.  Con- 
tinuous tracking  is  required  from  Hawaii  to  Bermuda.  During  each  orbit, 
the  retrotiming  device  must  be  capable  of  being  reset  along  with  other 
ground  command  capabilities.  Continuous  contact  during  launch  and 
through  insertion  is  required  to  determine  the  orbit  characteristics 
and  pilot  s well-being.  Frequent  voice  and  telemetry  contact  must  be 
maintained  throughout  the  orbit.  There  must  exist  sufficient  tracking 
information  to  provide  continuous  impact  prediction;  that  is,  at  any 
time  during  the  flight,  the  recovery  forces  should  know  exactly  where 
the  capsule  would  impact  if  the  retrorockets  were  fired  at  that  time. 


Recovery 

It  is  not  feasible  to  provide  world-wide  recovery  forces;  there- 
fore, certain  areas  have  been  designated  as  primary  recovery  areas 
(fig.  15).  A long  recovery  area  is  provided  (from  Cape  Canaveral  toward 
the  Bermuda  Islands)  to  include  all  impact  points  which  might  occur  due 
to  an  early  abort.  Between  the  Bermuda  Islands  and  the  Canary  Islands 
are  other  primary  recovery  areas.  These  areas  are  so  located  that  if 
orbital  velocity  or  insertion  angle  is  not  correct,  firing  of  the  retro- 
rockets  would  cause  the  capsule  to  impact  in  these  designated  areas.  If 
the  initial  orbit  is  not  correct  and  conditions  were  to  prevent  the 
capsule  from  making  three  orbits,  a second  impact  area  is  established  at 
the  end  of  the  second  orbit,  as  shown.  The  impact  area  from  a nominal 
flight,  however,  occurs  at  the  end  of  the  third  orbit  down  the  Atlantic 
Missile  Range,  designated  here  as  area  5*  As  mentioned  previously,  this 
would  mean  continuous  tracking  of  the  capsule  during  entry  from  Hawaii 
\jntil  impact. 


THE  ASTRONAUT  AND  HIS  TASK 


The  flight  of  a Merciiry  capsule  into  orbit  and  return,  fiindamentally, 
is  an  extension  of  the  flight  envelope  of  aircraft.  The  majority  of 
sensations  and  demands  on  the  astronaut  are  similar  to  those  imposed  on 
the  pilot  of  any  highly  maneuverable,  high-performance  aircraft.  For 
this  reason,  the  prime  technical  qualification  for  the  Mercury  astronaut 
was  that  he  should  be  an  experienced  pilot,  trained  in  objective  flying; 
i.e.,  test  flying.  His  presence  in  the  Mercury  capsule  can  be  expected 
to  Increase  the  chances  of  a completely  successful  mission  because  he 
has  the  capability  and  ability  to  teike  control  of  the  capsule  in  the 
event  of  a malfunction  of  many  of  the  automatic  systems. 
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The  astronaut  in  Project  Mercury  will  furnish  other  important  mile- 
stones in  man's  conquest  of  space.  Some  examples  of  the  kind  of  scien- 
tific infonoation  that  this  first  venture  of  man-into-space  makes  pos- 
sible are  listed  in  figure  l4. 

The  Merciiry  orbital  missions  will  permit  the  study  of  the  effects 
of  prolonged  weightlessness  on  the  physiological  .reactions,  the  subjec- 
tive psychological  reactions,  and  the  performance  of  the  astronaut.  Of 
particular  interest  will  be  the  effects  of  weightlessness  on  the  func- 
tion of  the  respiratory  and  circulatory  systems.  Telemetered  electro- 
cardiogram and  breathing  rates  will  make  it  possible  to  determine  not 
only  the  effects  of  prolonged  weightlessness  itself,  but  the  effects  of 
transition  from  high  accelerations  to  Og  and  back  to  the  high  accelera- 
tions associated  with  launch  and  reentry.  Problems  associated  with 
eating  and  drinking  in  prolonged  weightless  flight  can  also  be  studied. 
Stress  hormone  studies,  together  with  pre-  and  post-physical  examina- 
tions, will  allow  assessment  of  the  body's  physiological  reaction  to 
the  total  envelope  of  flight  stresses. 

Subjective  psychological  phenomenon  likely  to  be  effected  by  the 
weightless  environment  can  be  studied  through  voice  reports  and  capsule 
instrumentation.  The  ability  of  the  astronaut  to  orient  himself  in 
space  can  be  determined.  The  effects  of  the  reduction  in  proprioceptive 
cues  in  time  estimation  can  also  be  determined.  The  extent  of  the  occulo- 
gyric  and  autokinesis  and  occulogyric  illusions  in  a weightless  environ- 
ment should  also  be  of  interest. 

Of  utmost  practical  importance  to  future  manned  space  flight  efforts 
will  be  the  quality  of  the  astronaut's  performance  in  space.  Accixracy 
of  manual  attitude  control  should  provide  a good  test  of  psychomotor 
performance  capability.  Monitoring  of  the  capsule  orbital  systems 
should  provide  an  indication  of  the  vigilance  and  perceptual  accuracy. 
Navigation  will  test  reasoning  and  visual  discrimination  of  earth  terrain 
features  and  heavenly  bodies  outside  the  capsule. 

In  reference  4,  the  following  statement  is  made  in  regard  to  the 
importance  of  Project  Mercury.  "It  has  become  increasingly  evident  that 
the  full  utilization  of  space  flight  for  scientific  and  exploration  pur- 
poses will  depend  on  man's  ability  to  participate  in  the  flight  mission. 
While,  in  principle,  it  is  possible  to  devise  increasingly  complex 
instruments  and  automatic  systems,  in  practice,  the  availability  in  the 
vehicle  of  human  intelligence  and  decision-making  capacity  will  prove 
to  be  essential  for  successful  accomplishment  of  many  advanced  space 
missions . " 

It  is  believed  that  Project  Mercury  will  provide  the  baselines  by 
which  the  future  space  vehicles  will  be  built  around  the  most  valuable 
and  useful  machine  - man  himself. 
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Figure  1.-  Project  Mercury. 
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Figure  9*-  Project  Mercury  flight-test  vehicles.  NASA 
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Figure  12.-  Project  Mercury  ground  station  selection  criteria. 
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This  document  Is  a compilation  of  the  papers  presented  "by  MSA 
Space  Task  Group  personnel  at  a series  of  meetings  with  personnel  of 
NASA  Headquaxters  and  various  NASA  field  installations  during  April 
and  May  i960.  The  papers  explain  the  current  thoughts  of  the  Space 
Task  Group  with  regard  to  an  advanced  manned  space  vehicle  program. 
This  document  is  not  an  official  NASA  publication  and  is  intended  only 
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INTRODUCTION  TO 

ADVANCED  MANNED  SPACE  VEHICLE  PROGRAM 
As  of  April  i960 

by  Robert  R.*'  Gilruth 


INTRODUCTION 

The  Space  Task  Group  of  the  Goddard  Space  Flight  Center  has  been 
assigned  the  task  of  implementing  an  advanced  program  of  manned  space 
flight . The  tremendous  amount  of  applied  research  required  for  such 
a program  can  only  be  done  with  the  assistance  of  a.l  1 of  the  NASA 
Centers . The  following  discussions  were  designed  for  use  in  enlisting 
the  aid  of  the  various  centers  in  formulating  the  vehicle  and  mission 
design. 

A very  broad  mission  objective  has  been  established;  l.e.,  manned 
circumlunar  flight  and  return  to  earth.  It  is  implicit  that  the  Saturn 
will  be  the  primary  propulsion  system  for  this  mission. 

The  following  papers  attempt  to: 

(a)  Define  the  objective  so  as  to  achieve  as  much  capability  in 
the  vehicle  as  possible. 

(b)  Draw  on  Merc-ury  experience  to  provide  broad  guidelines  for 
vehicle  performance  and  safety. 

(c)  Provide  flexibility  in  the  vehicle  capability  In  the  event 
that  the  manned  lunar  mission  is  proved  to  be  subject  to  unacceptable 
risk  in  the  target  time  period. 

(d)  Indicate  problem  areas  where  work  appears  to  be  particularly 
needed. 


Guidelines 

The  following  papers  outline  and  discuss  guidelines  for  the  mission. 
These  guidelines  are  simimarized  in  figures  1 and  2 and  are  presented  more 
completely  in  Appendix  I . Most  of  the  guidelines  are  fairly  obvious  ones . 
A few  of  the  guidelines  may  appear  somewhat  arbitrary  and  these  require 
some  introduction. 

1.  It  is  suggested  that  the  vehicle  be  capable  of  lunar  reconnais- 
sance, i.e.,  it  must  pass  close  to  the  moon  rather  than  simply  make  a 
broad  lunar  pass.  This  step  is  to  insure  that  the  problems  of  space 
navigation  which  ultimately  must  be  solved  for  manned  landings  are 
attacked  at  an  early  date. 
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2.  It  is  shovn  that,  as  in  Merciiry,  the  escape  or  abort  maneuver 
will  strongly  influence  the  vehicle  design,  particularly  for  onboard 
propulsion.  Hovever,  having  provided  sufficient  onboard  propulsion  for 
aborts  the  vehicle  should  be  quite  versatile  for  mission-oriented  space 
maneuvers  - either  in  lunar  or  earth  orbits. 

5.  In  the  human-factors  area  the  crew  size  and  environment  will  be 
discussed.  However,  it  is  felt  that  the  greatest  unknowns  lie  in  this 
area,  particularly  in  the  field  of  radiation.  It  is  this  lack  of 
certainty  about  radiation  which  raises  questions  about  the  feasibility 
of  the  lunar  mission  in  the  target  time  period.  This  is  an  area  that  is 
most  difficult  to  explore  and  which  will  require  the  utmost  support  from 
the  Life  Sciences  organization. 

k.  In  the  control  and  guidance  phase  of  the  mission  guidelines,  a 
definite  stand  is  taken  for  onboard  command  of  the  mission.  One  major 
finding  of  the  Mercury  project  to  date  is  that  great  simplification  is 
possible  through  the  use  of  onboard  command.  This  will  be  proven  more 
important  in  this  more  ambitious  space  flight  where  the  duration  is 
relatively  great,  where  communications  with  earth  may  become  tenuous, 
and  where  unusual  and  unpredictable  situations  may  require  direct 
assessment  and  action. 


Mod\ilar  Concept 

The  various  papers  make  frequent  reference  to  "modules"  or  the 
"modular  concept."  This  design  concept  has  emerged  from  studies  made 
by  several  groups  and  may  have  considerable  merit  in  the  present  program. 
In  this  concept,  it  is  suggested  that  a reentry  vehicle  together  with 
its  escape  package  might  be  Part  I of  the  system.  This  vehicle  would 
have  attached  to  it  a lunar  module  or  caboose  which  wo\fLd  complete  the 
system.  For  orbital  qualification  of  the  lunar  system,  these  two  parts 
would  be  flown  in  earth  orbits.  The  reentry  vehicle,  however,  would 
also  be  compatible  with  a much  larger  and  heavier  module  for  specific 
earth-orbital  missions.  The  reentry  vehicle  with  only  the  onboard 
propulsion  would  form  a multiman  space  taxi  with  a considerable  rendez- 
vous capability. 


Weight 

A brief  discussion  of  weight  allowances  is  in  order  - the  use  of 
the  Saturn  does  not  permit  unlimited,  or  even  generous,  weight  allowances 
for  any  part  of  the  system.  Figure  5 lists  various  components  required 
for  a lunar  system  along  with  early  crude  estimates  of  the  weights  that 
might  be  allowable  for  each.  One  point  is  clear  - when  the  weight  is 
parcelled  out  among  the  various  components,  the  weight  situation  is 
fairly  tight;  since  the  total  shown  on  figure  3 is  l4,100  poiinds  and 
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the  Saturn  capability  for  a lunar  mission  is  presently  estimated  to  be 
15,000  pounds.  Another  point  worth  particular  notice  is  the  rather 
large  requirement  of  6,000  poinds  for  the  auxiliary  propulsion.  Much 
work  will  be  required  in  this  area;  and,  in  fact,  hi^ly  ingenious 
systems  will  have  to  be  used  across  the  board  in  order  to  stay  within 
weight  limits. 


Timing 

Figure  4 presents  an  approximate  timetable  for  the  NASA  manned  space 
flight  program.  The  primary  point  to  be  made  at  this  time  is  that  the 
research  and  development  phase  of  the  advanced  vehicle  program  is  beginning 
now  and  must  be  vigorously  pursued  in  order  to  achieve  our  mission  within 
the  target  time  period. 


^^itor  s note:  Because  of  the  preliminary  nature  of  these  discussions 

the  timetable  shown  may  not  be  current  at  any  given  time  and  some  of  the 
temns  used  are  subject  to  redefinition  as  the  program  develops.  The  term 
Mercury  in  figure  4,  for  instance,  refers  to  some  type  of  con- 
tinuation of  the  Mercury  flight-test  program  prior  to  the  beginning  of 
actual,  flights  of  the  advanced  vehicle.  Kils  is  discussed  more  fully  on 
pages  49  and  50  (paper  by  Mr.  Donlar) . 
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GUIDELINES  FOR  ADVANCED  MANNED  SPACE  VEHICLES 


I A CAPABLE  OF  MANNED  LUNAR  RECONNAISANCE  WITH  LUNAR 
MISSION  MODULE 

B CAPABLE  OF  COROLLARY  EARTH-ORBITAL  MISSIONS  WITH  LUNAR 
MISSION  MODULE  AND  WITH  SPACE  LABORATORY 

C COMPATIBLE  WITH  SATURN  BOOSTER 

(WEIGHT  NOT  TO  EXCEED  15,000  LB  FOR  COMPLETE  LUNAR  VEHICLE 
AND  25,000  LB  FOR  EARTH-ORBITING  VEHICLE) 

D CAPABLE  OF  14-DAY  FLIGHT  TIME 


Figure  1 


GUIDELINES  FOR  ADVANCED  MANNED  SPACE  VEHICLES 

n A CAPABLE  OF  SAFE  RECOVERY  FROM  ABORTS 

B CAPABLE  OF  GROUND  AND  WATER  LANDING 
(ALSO  CAPABLE  OF  AVOIDING  LOCAL  HAZARDS) 

C CAPABLE  OF  POINT  (10  SQUARE-MILE)  LANDING 

D DESIGNED  FOR  72-HOUR  POST-LANDING  SURVIVAL  PERIOD 

E AUXILIARY  PROPULSION  REQUIRED  FOR  MANEUVERING  IN  SPACE 

nr  A DESIGNED  FOR  "SHIRT  SLEEVE"  ENVIRONMENT 
B DESIGNED  FOR  THREE-MAN  CREW 
C DESIGNED  FOR  RADIATION  PROTECTION 

EC  A PRIMARY  COMMAND  OF  MISSION  TO  BE  ON  BOARD 
B COMMUNICATIONS  AND  TRACKING  FACILITIES  NEEDED 

Figure  2 
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WEIGHT  ESTIMATE  CIRCUMLUNAR  VEHICLE 
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Figure  5 


MANNED  SPACE  FUGHT  PROGRAM 
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MISSIONS,  PROPULSION  AND  FLIGHT  TIME 
by  Robert  0.  Piland^ 


Introduction 

The  first  four  guidelines  for  the  design  of  the  advanced  manned 
space  vehicle  deal  with  mission  requirements,  propixlsion  systems  and 
design  flight  time  capability.  They  are  presented  in  figure  1. 

1.  The  vehicle  should  be  capable  ultimately  of  manned  lunar 
reconnaissance. 

2.  The  l\mar  vehicle  should  be  capable  of  earth-orbital  missions 
for  initial  evaluation  and  training.  The  reentry  component  of  this 
vehicle  should  be  capable  of  earth-orbital  missions  in  conjunction 
with  space  laboratories  or  space  stations. 

5.  The  multiman  advanced  space  vehicle  should  be  designed  to  be 
compatible  with  the  Saturn  and  for  the  lunar  mission  it  should  weigh 
not  more  than  15,000  pounds  including  auxiliary  propulsion  and  attach- 
ing structure. 

The  vehicle  should  be  designed  for  a flight  time  capability, 
without  resupply,  of  l4  days. 


Lunar  Mission 

The  first  guideline  states  that  the  vehicle  should  be  capable, 
ultimately,  of  manned,  lunar  reconnaissance.  The  justification  for 
this  step,  in  a technical  sense,  is  that  it  is  a logical  intermediate 
step  toward  future  goals  of  landing  men  on  the  moon  and  other  planets. 
This  mission  will  require  solution  of  many  of  the  problems  associated 
with  the  manned,  lunar-landing  mission.  This  is  particularly  true  of 
the  earth  reentry  and  recovery  phases  of  the  flight.  In  addition,  it 
is  a mission  which  will  require  a considerable  amount  of  trajectory 
control,  consequently  imposing  rather  severe  requirements  on  the  navi- 
gation and  control  system,  and  thereby  effectively  demonstrating  our 
ability  to  navigate  in  space.  A further  significant  consideration  in 
selection  of  the  manned  lunar  reconnaissance  is  that  it  is  the  \iltimate 
manned  mission  compatible  with  o\or  firmly-planned  booster  program. 

Numerous  mission  analyses  involving  trajectory  studies  will  be 
required  to  determine  the  most  desirable  flight  path  for  the  vehicle. 
Figure  2 presents  a typical  lunar  trajectory  and  return.  It  may  be 
used  to  illustrate  the  initial  approach  to  the  mission  that  is  being 
taken.  This  involves  a flight  path  which  would  pass  the  moon  at  a 
distance  on  the  order  of  several  thousand  miles.  Such  a flight  path 
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can  give  a condition  which  will  allow  the  vehicle  to  return  to  earth 
without  the  necessity  of  firing  large  rockets.  These  trajectories 
which  will  give  this  so-called  "free"  or  "safe"  return  will  have  to  he 
identified  hy  study,  and  their  compatihility  with  launch  insertion 
conditions  and  reentry  conditions  established. 

To  really  accomplish  lunar  reconnaissance,  prior  to  a manned  land- 
ing, it  is  considered  desirable  to  come  much  closer  to  the  moon  than 
several  thousand  miles.  The  order  of  50  miles  wo\old  appear  to  be  a 
reasonable  initial  target  for  study  purposes.  To  achieve  this,  we 
would  propose  to  go  into  orbit  about  the  moon.  This  procedure  (as 
compared  to  a close  pass-by)  has  the  advantage  of  allowing  the  decision 
to  be  made  in  flight  after  establishing  the  integrity  of  the  system, 
and  also  allows  loitering  in  the  neighborhood  of  the  moon  for  a time 
period  sufficient  for  reconnaissance  requirements. 

Many  other  detailed  trajectory  studies  will  naturally  be  req'ulred. 
Several  examples  might  be  various  midcourse  abort  trajectories,  and 
the  effects  of  the  nonunifonnity  of  the  moon's  shape  on  the  vehicle 
trajectory  while  in  the  neighborhood  of  the  moon. 

Earth-Orbital  Mission 

While  the  \iltimate  capability  of  the  proposed  vehicle  is  manned 
lunar  reconnaissance,  an  intermediate  or  parallel  mission  requirement 
must  be  considered  in  the  design  of  the  vehicle.  The  second  guideline, 
therefore,  states  that  "The  lunar  vehicle  should  be  capable  of  earth- 
orbital  mission  and  that  the  reentry  component  of  this  vehicle  should 
be  capable  of  earth-orbital  missions  in  conjunction  with  space  labora- 
tories or  space  stations." 

The  justification  for  this  requirement  stems  from  two  sources: 

1.  Before  lunar  missions  are  attempted,  earth-orbital  flights 
will  be  required  for  lunar  vehicle  and  crew  evaluation,  crew  training 
and  the  development  of  operational  techniques. 

2.  Concurrently,  there  is  a need  for  a vehicle  to  be  used  in 
earth  orbits  with  space  stations  for  n\unerous  research  and  development 
programs  related  to  space  flight. 

Consequently,  the  reentry  vehicle  should  be  designed  for  use  with 
both  the  lunar  and  orbiting  space  laboratories  to  avoid  unnecessary 
duplication  of  vehicle  development. 

Figure  5 conceptually  illustrates  some  of  the  possible  combinations 
of  components  for  use  in  the  lunar  and  earth-orbital  flights.  It  is 
suggested  that  the  lionar  vehicle  will  consist  of  a reentry  component 
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can  give  a condition  which  will  allow  the  vehicle  to  return  to  earth 
without  the  necessity  of  firing  large  rockets.  These  trajectories 
which  will  give  this  so-called  "free"  or  "safe"  return  will  have  to  be 
identified  by  study,  and  their  compatibility  with  launch  insertion 
conditions  and  reentry  conditions  established. 

To  really  accomplish  lunar  reconnaissance,  prior  to  a manned  land- 
ing, it  is  considered  desirable  to  come  much  closer  to  the  moon  than 
several  thousand  miles.  The  order  of  50  miles  would  appear  to  be  a 
reasonable  initial  target  for  study  purposes.  To  achieve  this,  we 
would  propose  to  go  into  orbit  about  the  moon.  This  procedure  (as 
compared  to  a close  pass-by)  has  the  advantage  of  allowing  the  decision 
to  be  made  in  flight  after  establishing  the  integrity  of  the  system, 
and  also  allows  loitering  in  the  neighborhood  of  the  moon  for  a time 
period  sufficient  for  reconnaissance  requirements. 

Many  other  detailed  trajectory  studies  will  naturally  be  required. 
Several  examples  might  be  various  midcourse  abort  trajectories,  and 
the  effects  of  the  nonuniformity  of  the  moon's  shape  on  the  vehicle 
trajectory  while  in  the  neighborhood  of  the  moon. 

Earth-Orbital  Mission 

While  the  ultimate  capability  of  the  proposed  vehicle  is  manned 
lunar  reconnaissance,  an  intermediate  or  parallel  mission  requirement 
must  be  considered  in  the  design  of  the  vehicle.  The  second  guideline, 
therefore,  states  that  "The  lunar  vehicle  should  be  capable  of  earth- 
orbital  mission  and  that  the  reentry  component  of  this  vehicle  should 
be  capable  of  earth-orbital  missions  in  conjimctlon  with  space  labora- 
tories or  space  stations." 

The  justification  for  this  requirement  stems  from  two  sources: 

1.  Before  lunar  missions  are  attempted,  earth-orbital  flights 
will  be  required  for  lunar  vehicle  and  crew  evaluation,  crew  training 
and  the  development  of  operational  techniques. 

2.  Concurrently,  there  is  a need  for  a vehicle  to  be  used  in 
earth  orbits  with  space  stations  for  numerous  research  development 
programs  related  to  space  flight. 

Consequently,  the  reentry  vehicle  should  be  designed  for  iise  with 
both  the  lunar  and  orbiting  space  laboratories  to  avoid  unnecessary 
duplication  of  vehicle  development. 

Figure  5 conceptually  illustrates  some  of  the  possible  combinations 
of  components  for  use  in  the  lunar  and  earth-orbital  flights.  It  is 
suggested  that  the  lunar  vehicle  will  consist  of  a reentry  component 
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and  a minimum  "mission  component"  to  stay  within  payload  limitations, 
as  shown  on  the  figure.  The  'mission  component"  or  "caboose"  allows 
jettisoning  of  this  portion  of  the  vehicle  prior  to  reentry,  thereby 
not  requiring  protection  from  reentry  heating.  In  addition,  this 
arrangement  appears  to  have  good  usable  space  characteristics  and  two 
compartments  appear  possibly  desirable  for  emergency  conditions.  How- 
ever, complete  studies  have  not  been  carried  to  the  point  where  It  can 
definitely  be  said  that  the  two— component  vehicle  Is  superior  from  all 
standpoints  as  compared  to  using  a single,  larger  vehicle,  such  as 
illustrated  on  the  figure.  Consequently,  a detailed  study  needs  to  be 
made  to  determine  the  trade-offs  between  using  a one-  or  two-coniponent 
lunar  vehicle.  Such  a study  should  consider  the  optimum  distribution 
of  systems  and  supplies  between  the  two  components.  On  the  right  of 
figure  5 "the  reentry  component  is  illustrated,  which  may  be  either  of 
the  two  sizes  shown  on  the  left,  with  an  earth-orbital  laboratory  or 
space  station.  The  large  size  of  the  space  laboratory  is  allowable 
because  of  the  increased  earth-orbital  payload  capability  as  compared 
to  lui^r  payload  capability.  It  is  s\aggested  that  the  first  of  these 
orbiting  space  laboratories  might  be  made  compatible  with  the  early 
version  of  the  Saturn  and,  therefore,  should  weigh  25,000  pounds  or 
less  including  the  reentry  component. 

Propulsion 

TOie  third  guideline  relates  to  the  propxilsion  system  states 
that  "The  multimian  advanced  space  vehicle  should  be  designed  to  be 
compatible  with  the  Saturn  and  for  the  lunar  mission  it  should  weigh 
not  more  than  15,000  pounds  including  auxiliary  propulsion  and  attach- 
ing structure.  The  justification  for  this  guideline  is  fairly  straight- 
forward in  that  the  Saturn  is  the  only  finnly- scheduled  booster  capable 
of  the  manned  lunar  mission. 

Although  not  required  for  o\zr  guideline  presentation,  we  have 
prepared,  for  background  information,  several  figures  which  give  some 
approximate  Saturn  characteristics. 

The  Saturn  booster  is  being  developed  in  several  versions.  The 
two  versions  with  which  we  are  most  concerned  are  referred  to  as  C-1 
and  C-2.  Figure  4 presents  sketches  and  characteristics  of  the  booster. 
The  booster  overall  lengths,  without  payloads,  are  150  feet  and  180 
feet  for  the  C-1  and  C-2,  respectively.  It  should  be  rememibered  that 
these  boosters  are  in  a development  or  preliminary  design  phase  nriH  r1  ~i 
numbers  given  here  are  subject  to  modification  as  studies  and  develop- 
ment continue. 

Saturn  C-1. - The  first  stage  of  C-1  is  being  designed  and  developed 
at  the  Marshall  Space  Flight  Center  in  Huntsville,  Alabama.  The  first 
booster  is  now  on  the  test  stand  and  testing  is  underway.  This  stage  is 


CONFIDENTIAL 


COKFIDEMTIAL 


9 


made  up  of  a central  tank  and  eight  smaller  tanks  located  aro\md  the 
central  tank.  Liquid  oxygen  is  carried  in  the  central  tank  and  in  four 
of  the  outer  tanks.  RP-1  is  carried  in  the  remaining  four  tanks.  Con- 
trol of  the  first  stage  is  obtained  by  gimballing  the  four  outer  engines. 
The  four  central  engines  are  fixed. 

The  second  stage  of  C-1  will  be  developed  by  Douglas  Aircraft  Com- 
pany. The  stage  uses  liquid  oxygen  and  hydrogen,  as  do  all  the  upper 
stages  of  the  Saturn  vehicles.  All  four  engines,  which  will  be  uprated 
Centaur  engines,  are  gimballed  for  control. 

The  third  stage  is  essentially  the  Centaur  stage  being  developed 
by  Convair/Astronautics. 

Two-stage  C-1  vehicles  may  be  available  for  research  and  develop- 
ment testing  as  early  as  December  I962.  Vehicles  qualified  for  manned 
use  are  estimated  to  be  available  in  I966.  Ten  flights  are  planned  in 
this  qualification  program. 

The  C-1  version  does  not  have  sufficient  payload  capability  for 
the  manned  circumlunar  mission;  however,  it  does  have  the  capability 
of  placing  up  to  25,000  po\inds  of  payload  in  earth  orbits  leading  up 
to  lunar  missions. 

Saturn  C-2.-  The  first  stage  of  C-2  is  similar  to  the  first  stage 
of  C-1,  except  that  its  tanka.ge  may  be  reduced  consistent  with  optimum 
propellant  loading. 

The  second  stage  of  C-2  is  not  used  in  C-1  but  is  a new  stage. 

It  will  use  four  200,000-pound  thrust  hydrogen-oxygen  engines.  The 
contract  for  this  engine  is  now  being  let.  The  stage  contract  has  not 
been  let;  therefore,  this  is  the  least  advanced  of  any  of  the  Sat\irn 
stages. 

The  third  stage  of  C-2  is  the  same  as  that  used  as  the  second 
stage  of  C-1. 

C-2  vehicles  will  be  available  for  research  and  development  flight 
tests  in  19^5  and  for  manned  tests  in  19^7 • Four  flights  of  this 
vehicle  are  planned  for  C-2  qualification,  in  addition  to  the  ten 
planned  for  C-1. 


La\anch  Trajectory  Parameters 

Figures  5 and  6 present  some  launch  trajectory  parameters  for  the 
C-1  and  C-2  vehicles.  These  trajectories  have  not  been  optimized  for 
the  missions  considered  and  are  presented  here  to  indicate  relative 
performance  of  stages,  and  the  loadings  to  be  expected  in  the  way  of 
dynamic  pressure  and  ax;ial  accelerations. 
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Figure  5 presents  the  variation  of  dynamic  pressure,  acceleration 
and  velocity  as  a f-unction  of  time  for  a launch  trajectory  into  earth 
orhit  using  the  C-1  vehicle.  The  maximum  dynamic  pressure  is  seen  to 
tie  775  pounds  per  square  foot  and  occurs  about  midway  through  first- 
stage  biorning.  For  reference,  the  maximum  dynami c pressure  on  the 
Mercury-Atlas  flights  is  about  1,000  pounds  per  square  foot.  At  first- 
stage  burnout,  at  210,000  feet  altitude,  the  dynamic  pressure  has  dropped 
to  near  zero. 

The  maximum  axial  acceleration  of  6.5g  occurs  at  first-stage  burnout, 
and  is  several  g less  than  experienced  in  the  Mercury -Atlas  flights. 

The  velocity  contributions  of  the  three  stages  are  9^000,  8,000, 
and  8,500  feet  per  second,  respectively,  to  give  the  orbital  velocity 
of  25,500  feet  per  second. 

Figure  6 presents  the  variation  of  dynamic  pressure,  acceleration, 
and  velocity  as  a fiinction  of  time  for  an  escape  launch  trajectory  for 
the  C-2  vehicle.  Maximum  dynamic  pressure  is  seen  to  be  600  pounds  per 
square  foot  as  compared  to  775  pounds  for  C-1.  The  dynamic  pressure  at 
separation  is  on  the  order  of  400  povinds  per  square  foot.  The  impli- 
cations of  separation  dynamic  pressures  of  this  magnitude  on  the  design 
of  automatic  abort-sensing  systems,  and  on  vehicle  loading,  in  case  of 
abort,  will  require  careful  consideration. 

Maximum  longitudinal  acceleration  is  about  5g  and  occurs  at  second- 
stage  burnout. 

Velocity  contributions  of  the  three  stages  to  escape  velocity  are 
3,000,  15,000,  and  l8,000  feet  per  second,  respectively,  for  the  three 
stages . 


Flight  Time  Capability 

The  fourth  guideline  states  that  "The  vehicle  should  be  designed 
for  a flight  time  capability,  without  resupply,  of  l4  days."  In 
justification,  it  is  to  be  noted  that  minim'um  time  for  a lunar  circum- 
navigation mission  is  about  6 days.  Taking  into  account  that  the  total 
flight  time  may  be  affected  by  lunar  pertiirbations,  loiter  times,  or 
use  of  nonminimum  time  trajectories,  considering  the  need  for  safety 
factors,  and  the  desire  for  mission  flexibility,  it  is  believed  that 
the  vehicle  should  be  designed  for  a minimum  flight  time  of  l4  days. 

A particularly  inqiortant  st\idy  is  required  in  regard  to  this 
capability  in  connection  with  the  selection  of  a suitable  type  of  power 
supply.  It  is  roughly  estimated  that  4-00,000  watt-hours  are  required 
for  the  mission.  Considerab;..e  study  of  storage  batteries,  fuel  cells, 
auxiliary  power  lunits,  and  sojar  batteries  has  been  made  by  a number  of 
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people.  The  merits  of  these  various  systems  or  comhinations  must  now  he 
considered  in  the  light  of  the  particular  requirements  of  this  mission, 
with  partlcvilar  emphasis  being  placed  on  the  reliability  required  for 
manned  flight.  Some  items  that  should  be  considered  in  such  a study 

include ; 

1.  What  percentage  of  the  power  units  is  desirable  to  place 
in  the  "caboose? " 

2.  Would  the  use  of  storage  batteries  both  for  power  and  as 
radiation  shielding  make  this  type  of  unit  preferable? 

5.  Should  redundancy  for  reliability  be  obtained  by  using  two 
(3^ifferent  types  of  systems  or  two  of  the  same  system? 
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MISSION  AND  VEHICLE  GUIDELINES 


r A.  CAPABLE  OF  MANNED  LUNAR  RECONNAISANCE 
WITH  LUNAR  MISSION  MODULE 


B.  CAPABLE  OF  COROLLARY  EARTH -ORBITAL  MISSIONS  WITH 
LUNAR  MISSION  MODULE  AND  WITH  SPACE  LABORATORY 


C.  COMPATIBLE  WITH  SATURN  BOOSTER  - 

(WEIGHT  NOT  TO  EXCEED  15.000  LB  FOR  COMPLETE 
LUNAR  VEHICLE  AND  25,000  LB  FOR  EARTH- 
ORBITING VEHICLE) 


D.  CAPABLE  OF  14- DAY  FLIGHT  TIME 


Figure  1 


trajectory  PLAN  FOR  MANNED  LUNAR  SPACE  VEHICLES 


Figure  2 
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CONCEPTUAL  VEHICLES 


Figure  5 


SATURN  VEHICLE  CONFIGURATIONS 


C-l 


r“Ti 

C-2 


A 

180  FT 


PAYLOAD.  LB 
EARTH  ORBIT 
ESCAPE 

C-l 

25.000 

10.000 

50.000 

15.000 

C-2 

STAGE 

1 

2 

3 

1 

2 

3 

IS 

NASA  DESIGNATION  1 

PROPULSION 

TOTAL  THRUST* LB 
ENGINE  CLUSTER 
PROPELLANT 

SI 

I.500K 
e X I88K 
LOX-RP-I 

80K 

4X20K 

LOX-LH2 

40K 

2X20K 

LOX-LHg 

1,500  K 
8 X I88K 
LOX-RP-I 

800 K 
4X200K 
LOX-LHp 

80  K 
4x  20K 
LOX-LHj, 

WEIGHT -LB 
IGNITION 
BURNOUT 

856,500 
II  3.000 

100.000 

11.000 

33,000 

4,500 

699.000 

106,700 

358,500 

31,000 

131.000 

11,000 

DIMENSIONS -FT 
LENGTH 
DIAMETER 

94 

21.6 

43 

18.3 

31 

10 

78 

21.6 

73 

21.6 

43 

18.3 

Figure  4 
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SATURN  C-l,  TYPICAL  LAUNCH  TRAJECTORY  PARAMETERS 
FOR  EARTH  ORBITAL  MISSION 


SATURN  C-2,  TYPICAL  LAUNCH  TRAJECTORY  PARAMETERS 
FOR  ESCAPE  MISSION 


Figure  6 
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ABORT  AJJD  LAJTDING 
By  Meixime  A.  Faget 


Introduction 

The  following  presentation  is  primarily  concerned  with  the  vehicle's 
return  to  the  earth's  surface  at  the  termination  of  either  a normal  mission 
or  an  aborted  mission.  There  are  five  guidelines  in  this  area  and  they 
are  shown  in  figure  1. 

The  first  guideline  requires  that  the  vehicle  should  have  the  cap- 
of  safe  crew  recovery  from  aborted  missions  at  any  speed  up  to 
the  maximum  velocity^  and  that  this  capability  be  independent  of  the  use 
of  the  launch  propulsion  system.  It  would  follow  that  safe  control  of 
the  vehicle  subsequent  to  aborting  the  mission  is  thereby  required.  This 
control  may  be  exerted  by  the  auxiliary  rocket  propulsion  (maneuvering 
rockets)  or  the  aerodynamic  l/D  capabilities  of  the  configuration. 

■Bie  second  guideline  requires  that  the  vehicle  should  be  capable  of 
a satisfactory  landing  on  both  land  and  water  and  should  have  the  cap- 

of  avoiding  local  hazards  in  the  landing  area.  This  requirement 
was  predicated  upon  the  following  considerations: 

(a)  Emergency  conditions  or  navigation  errors  that  force  a landing 
on  either  land  or  water. 

(b)  Accessibility  for  recovery  is  an  ln5)ortant  consideration  and 
the  relative  superiority  of  land-versus-water  landing  will  depend  on 
local  conditions  as  well  as  other  considerations.  From  our  Mercury 
experiences,  we  have  found  that  weather  conditions  which  may  exist  over 
the  earth's  surface  during  a mission  play  an  important  part  in  determining 
the  landing  capability  of  the  vehicle.  Therefore,  we  feel  that  the 
vehicle's  capability  should  Include  landing  in  a 50-knot  wind,  and  that 
the  vehicle  should  be  water-tight  and  have  adequate  sea-keeping  qualities 
under  sea-state  4 conditions  (lO  - 12- foot  waves) . 

The  third  guideline  requires  that  the  vehicle  should  have  the  normal 
capability  of  landing  at  one  of  several  previously  designated  ground 
surface  locations,  each  approximately  10  square  miles  in  area.  In  order 
to  meet  this  requirement,  studies  are  needed  to  assess  the  value  of 
impulse  maneuvers,  guidance  quality,  and  aerodynamic  l/D  during  return 
from  the  lunar  mission.  It  is  desired,  of  course,  that  a suitable  trade- 
off between  these  items  be  arrived  at  to  facilitate  this  performance.  It 
might  be  mentioned  that  this  requirement  for  point  landing  is  far  less 
severe  for  the  orbital  mission  than  for  the  lunar-return  situation. 
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In  the  fourth  guideline,  it  is  required  that  the  vehicle  he  designed 
for  crev  survival  for  at  least  ?2  hours  after  landing.  Due  to  the  random 
nat\ire  of  possible  emergency  maneuvers,  it  vill  be  impossible  to  prov^e 
sufficient  recovery  forces  to  cover  all  possible  landing  locations,  'me 
above  requirement  will  permit  mobilization  of  nomally  existing  facilities 
and  adequate  time  for  a safe  recovery.  The  vehicle,  of  course,  should 
also  be  equipped  vlth  adequate  location  devices  that  will  perform  suitably 
in  the  various  regions  of  the  earth. 


Finally,  in  the  last  guideline,  it  is  required  that  adequate  auxiliary 
propulsion  should  be  provided  for  the  guidance  maneuvers  required  in  the 
assigned  missions  and  to  effect  a safe  return  in  event  of  launch 
emergencies.  The  guidance  accuracies  and  capabilities  should  be  studied 
in  order  to  determine  the  auxiliary  propulsion  requirements.  Sufficient 
reserve  propulsion  should  be  included  to  accommodate  corrections  for 
maximum  guidance  errors.  A single  system  may  suffice  for  both  the 
guidance  maneuvers  and  the  escape  propulsion  requirements. 

The  remainder  of  the  presentation  will  provide  additional  discussion 
and  material  associated  with  the  above  guidelines. 


Escape  Regimes 


First,  let  us  consider  the  escape  problem  which  will  exist  for  this 
new  mission,  as  shown  in  figure  2.  This  figure  shows  the  various  escape 
regimes  that  will  exist  for  a launching  to  escape  velocity.  These 
regimes  are  presented  as  follows : 

Launching  period  (including  time  on  the  pad  prior  to ^launch).-  In 
this  regime,  we  are  primarily  concerned  with  providing  sufficient 
altitude  after  escape  from  the  propulsion  system  in  order  to 
factorily  deploy  the  landing  parachute  or,  in  the  case  of  a winged  ^ 
vehicle,  the  escape  maneuver  must  provide  sufficient  velocity  to  attain 

flying  speed. 

Atmospheric  flight.-  This  portion  of  the  launch  trajectory  is ^within 
the  atmosphere;  here  the  problem  of  escape  is  associated  with  aerodynamic 
loads  induced  on  the  manned  vehicle  during  and  after  the  escape  maneuver. 
It  is  important  that  the  escape  propulsion  system  has  sufficient  power  to 
overcome  the  drag  of  the  vehicle  and  pull  it  away  from  the  booster  system. 
It  is  also  important  that  attention  be  paid  to  the  stability  characterlstl 
of  the  vehicle  during  the  escape  maneuver. 

Suborbital  space  flight.-  This  regime  starts  at  the  time  when  the 
vehicle  leaves  the  atmosphere  and  extends  up  to  the  time  when  orbital 
velocity  is  attained.  In  this  case,  the  concern  is  with  the  subsequent 
reentry  following  an  escape  maneuver.  It  is  important  that  the  launc 
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trajectory  and  the  escape  maneuver  be  made  in  a manner  that  reentry 
deceleration  loads  will  not  exceed  the  tolerance  of  the  crew. 

We  are  rather  familiar  with  the  problems  associated  with  these 
first  three  escape  regimes  as  they  all  exist  in  the  Mercury  launch 
trajectory.  It  might  be  mentioned  at  this  time  that  all  of  the  critical 
heating  and  air  loads  associated  with  the  design  of  the  Mercury  capsule 
were  generated  in  analysis  of  the  maneuvers  resulting  in  escape^  or 
subsequent  to  escape^  during  the  reentry.  Therefore,  it  is  very  important 
that  close  attention  be  paid  to  these  escape  regimes  inasmuch  as  they 
most  likely  also  provide  the  basis  for  all  loads  criteria  for  the 
advanced  vehicle. 

Superorbital  space  flight.-  The  final  escape  regime  extends  from 
the  time  at  which  orbital  velocity  is  reached  up  until  the  actual  burn- 
out of  the  propulsion  system  where  escape  velocity  is  achieved.  In  this 
regime,  it  is  necessaj^y  to  provide  an  adequate  auxiliary  propulsion 
system  which  can  return  the  capsule  to  the  surface  of  the  earth  in  a 
reasonably  short  time.  In  fact,  it  is  desired  that  descent  to  the 
earth  s surface  commence  immediately  with  the  escape  maneuver.  This 
requirement  results  from  the  desire  to  avoid  long  dwell  periods  in  either 
the  lower  or  upper  radiation  belt  which  may  otherwise  resiat  if  a pro- 
pulsion failure  left  the  vehicle  in  a highly  elliptical  orbit. 

Superorbital  escape  trajectories.-  The  most  reasonable  way  to 
dissipate  the  energy  that  exists  in  the  space  vehicle  is  to  use  atmos- 
pheric braking.  This  is  most  easily  done  by  turning  the  flight  path 
downward  so  that  the  vehicle  intersects  the  earth's  atmosphere.  The 
performance  requirements  for  this  maneuver  are  illustrated  in  figure  5. 

On  this  figure,  the  velocity  increment  required  for  immediate  reentry  is 
plotted  on  the  vertical  scale,  with  the  flight  time  in  seconds  plotted 
on  the  horizontal  scale.  There  are  three  trajectory  cases  considered  on 
this  figure. 

Case  1 is  for  an  optimum  launch  trajectory  as  given  to  us  by  the 
Marshall  Space  Flight  Center.  In  this  case,  burnout  velocity  is  achieved 
at  an  ^gle  of  +k  and  the  superorbital  escape  regime  is  entered  at 
satellite  velocity  at  a flight-path  angle  of  zero  degrees.  It  can  be 
seen  that  a great  deal  of  velocity  change  may  be  required  in  order  to 
effect  an  immediate  reentry  as  escape  velocity  is  approached.  In  order 
to  improve  this  situation,  we  have  considered  alternate  trajectories 
in  which  the  initial  path  angle  has  been  reduced. 

In  Case  2,  the  initial  path  angle  of  -4  changes  to  zero  degrees  in 
going  between  satellite  and  escape  velocity. 
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In  Case  3,  the  initial  path  angle  of  -6  at  satellite  velocity 
changes  to  -2  at  escape  velocity.  It  can  be  seen  that  for  these  two 
cases  the  velocity  increment  required  to  effect  an  immediate  reentry  is 
greatly  reduced.  The  amount  of  performance  penalties  associated  with 
these  alternate  trajectories  has  not  yet  been  determined. 

It  sho-uld  also  be  pointed  out  that  there  may  be  another  undesirable 
effect  associated  with  these  alternate  trajectories.  This  has  to  do  with 
the  escape  situation  that  would  exist  prior  to  the  attaining  of  orbital 
velocity.  With  these  alternate  trajectories,  the  reentry  angle  following 
an  abort  at  suborbital  velocity  will  be  much  greater  and,  therefore,  the 
reentry  decelerations  will,  of  course,  be  greater.  How  well  the  auxiliary 
propulsion  system  can  cope  with  this  situation  is  also  yet  to  be  determined. 
Thus,  it  is  obvious  that  a great  deal  of  study  and  analysis  must  be  done 
in  order  to  arrive  at  an  optimum  launch  trajectory,  taking  into  considera- 
tion the  various  abort  maneuvers  that  may  be  required,  as  well  as  the 
performance  of  the  launch  propulsion. 

Aerodynamic  Considerations 

Figure  4 outlines  some  of  the  aerodynamic  considerations  associated 
with  the  guidelines  under  discussion.  As  pointed  out  previously,  the 
heating  and  loads  criteria  will  undoubtedly  be  generated  by  consideration 
of  the  various  abort  and  emergency  maneuvers  rather  than  the  return  from 
the  moon  in  the  normal  mission.  From  a heating  standpoint,  it  might  be 
pointed  out  that  the  vehicle  must  be  capable  of  reentries  at  escape 
velocity.  Not  only  must  convective  heat-transfer  analysis  be  extended 
to  this  new  velocity,  but  also  a great  deeil  must  be  learned  about  the 
radiation  heating  associated  with  the  bow-shock  wave.  There  are  indica- 
tions that  this  heating  may  be  on  a level  equal  to  that  of  the  convective 
heating.  It  might  be  mentioned  that  the  effectiveness  of  the  ablation 
heat  shield  will  be  greatly  reduced  when  coping  with  radiation  heating 
as  compared  to  the  normal  situation  when  convective  heating  is  the 
criteria. 

The  needed  aerodynamic  capabilities  of  the  vehicle  will  be 
determined  by  studying  the  trade-offs  between  aerodynamic  l/D,  guidance 
capabilities,  and  the  usefulness  of  the  maneuvering  rockets  in  making 
final  corrections  just  prior  to  reentry.  Also  of  concern  is  the  ability 
to  maneuver  at  low  speeds  after  the  vehicle  has  come  out  of  the  blackout 
region  during  reentry  when  no  radio  communications  are  possible.  In 
the  postblackout  period,  it  is  expected  that  another  fix  will  be  avail- 
able from  ground  radar,  and  corrections  for  drift  of  the  inertial  systems 
aboard  the  capsule  will  be  made.  These  corrections  may  require  further 
maneuvers  in  order  to  land  in  the  designated  area. 
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The  actual  aerodynamic  configuration  will  be  compromised  between 
these  and  other  requirements  spelled  out  throughout  the  guidelines. 
Needless  to  say,  weight  will  be  of  primary  importance  in  these  considera- 
t ions . 


Landing  Considerations 

Figure  5 outlines  some  of  the  landing  considerations  resulting  from 
the  guidelines  presented  at  this  time.  Inasmuch  as  the  landing  may  be 
made  either  by  a parachute  system  or  by  a glider,  the  landing  considera- 
tions will  be  taken  up  separately  for  these  two  systems.  For  the  para- 
chute system  it  appears  that  the  continued  development  of  reliable  large 
parachutes  must  be  pursued.  For  the  Mercury  capsule,  we  found  that  no 
suitably-developed  parachute  was  obtainable  and  a development  program 
had  to  be  carried  out  in  order  to  provide  a design  having  adequate 
reliability.  The  advanced  vehicle  will  be  approximately  three  times 
the  size  of  Mercury.  It  is  desirable  that  some  maneuvering  capability 
be  provided  during  parachute  descent.  This  will  be  valuable  in  such 
events  as  a pad  abort  where  a local  hazard,  such  as  a blockhouse,  could 
be  avoided  during  landing.  Impact  attenuation  was  found  to  be  necessary 
for  the  Mercury  capsule  and  in  this  new  vehicle  it  will  also  probably 
be  needed.  Such  devices  as  inqiact  bags,  collapsing  struts,  and  honey- 
comb material  should  be  investigated  in  order  to  provide  sufficient 
latitude  in  choice. 

In  the  event  a glide  vehicle  is  chosen,  it  will  be  necessary  that 
an  amphibious  landing  gear  be  provided  inasmuch  as  both  ground  and  water 
landings  are  a requirement.  In  addition,  the  l/d  and  wing-loading 
criteria,  which  will  provide  a satisfactory  approach  and  landing  maneuver, 
must  be  determined  in  the  same  manner  as  was  used  for  the  Dyna-Soar  and 
X-I5  projects.  However,  in  this  case,  50-knot  winds  and  very  rough 
water  must  be  considered. 

Finally,  for  the  emergency  and  postlanding  considerations,  we  must 
consider  the  effect  of  residual  heated  surfaces  on  the  vehicle  which 
might  start  local  fires  in  the  event  of  landing  in  brush  or  tall  grass. 
Following  water  landings,  the  prime  requirement  is  adequate  flotation  and 
water  stability.  Suitable  location  devices  and  survival  support  for  the 
crew  during  the  postlanding  period  will  be  needed  following  both  water 
and  ground  landings  in  remote  locations. 

Auxiliary  Rockets 

Figure  6 shows  the  requirements  for  the  auxiliary  propulsion  system. 
Aiuciliary  propulsion  propellants  can  either  be  solid  or  liquid,  or 
possibly,  a combination  of  these  two.  Inasmuch  as  there  is  a great 
difference  between  these  two  types  of  propulsion  systems,  the  design 
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^ different.  The  auxiliary  propulsion  system  must  provide 

variety  of  escape  and  guidance  maneuvers.  It  is  also  estimated 
that  the  number  of  maneuvers  during  a mission  may  be  large.  These  reauire- 
ments  can  be  met  with  a solid-propellant  system  by  use  of  a large  number 
of  rockets  of  various  sizes.  For  a liquid  system,  restart  capability  will 
e required.  In  addition,  it  may  be  expected  that  more  than  one  thrust 
unit  will  be  required  in  order  to  provide  sufficient  thrust  variation. 

Reliability  is  a very  important  requirement  inasmuch  as  the 
auxiliary  propulsion  system  is  the  crew's  "ticket"  back  home.  In  the 
case  of  the  liquid  rocket  system,  it  is  not  only  important  that  the 

propulsion  system  meet  the  present  design  criteria,  such  as 
-h  +~-+  emphasis  is  put  on  safety  (the  rocket  will  not  blow 

upj,  but  It  is  also  necessary  that  the  rocket  will  start  and  function 
every  time  it  is  needed. 


• ^ major  system,  a certain  amount  of  redundancy  is 

justified.  In  the  case  of  a liquid-propellant  system,  extra  thrust 
units  and  pumps  will  probably  provide  the  minimum  acceptable  level  of 
redundancy.  For  a sol id -propellant  system,  a suitable  number  of  spare 

?!  required.  In  either  case,  a failure  analysis  is  neeLd 
to  provide  the  redundancy  criteria. 
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ESCAPE  REGIMES 


Figure  2 
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SUPERORBITAL  ESCAPE  TRAJECTORIES 


Figure  5 


AERODYNAMIC  CONSIDERATIONS 

A.  HEATING  AND  LOADS 

1.  BOW  SHOCK  RADIATION 

2.  THERMAL  AND  STRUCTURAL  DESIGN  CRITERIA 

B.  AERODYNAMIC  MANEUVERS 

1.  TRADE-OFF  BETWEEN  L/D,  GUIDANCE,  AND 

MANEUVERING  ROCKET  CAPABILITIES 

2.  POST  BLACKOUT  MANEUVERING  REQUIREMENTS 

C.  CONFIGURATION 

1.  COMPROMISE  BETWEEN  ABOVE  AND  OTHER 

GUIDELINE  REQUIREMENTS 

2.  WEIGHT  CONSIDERATIONS 

Figure  4 
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LANDING  CONSIDERATIONS 


A.  PARACHUTE  SYSTEM 

1.  DEVELOPMENT  OF  RELIABLE  LARGE  PARACHUTES 

2.  TRANSLATION  CAPABILITY 

3.  IMPACT  ATTENUATION 

B.  GLIDERS 

I.  AMPHIBIOUS  LANDING  GEAR 

2.  L/D  AND  WING  LOADING  SATISFACTORY  FOR 
APPROACH  AND  LANDING  MANEUVER 

C.  EMERGENCY  AND  POST  LANDING  CONSIDERATIONS 

1.  GROUND  LANDING  - HEATED  SUFACES 

2.  WATER  LANDING  - FLOTATION  AND  WATER  STABILITY 

3.  LOCATION  AND  SURVIVAL  TIME 


FigiJre  5 


AUXILIARY  ROCKETS 

(SOLID  OR  LIQUID) 

A.  MULTI-PURPOSE 

B.  MULTIPLE  FIRINGS 

C.  RELIABILITY 

D.  REDUNDANCY 


Figure  6 
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HUMAN-FACTORS  CONSIDERATIONS 
by  Stanley  C.  Wiite  " 


Introduction 

The  2-week  duration  of  the  mission  and  the  need  for  the  occupants 
to  rely  on  their  internal  resources,  rather  than  continually  relate  to  the 
earth,  determines  many  of  the  Human-Factors  req^uirements . This  fact  can 
be  best  illustrated  by  comparing  this  proposed  circumlunar  flight  with 
the  Mercury  flights  now  contemplated.  The  Mercury  capsule  flight  can  be 
better  compared  to  a high-performance  aircraft  program  in  that  confutation 
and  much  of  the  control  can  be  effected  from  the  ground.  The  Mercury 
Astronaut  is  in  nearly  continuous  touch  with  the  ground  stations  and 
has  need  for  only  limited  provisions  for  habitability  because  he  need 
neither  eat,  sleep,  eliminate  waste,  nor  find  relaxation  during 
programed  missions.  In  contrast  to  this,  the  lunar  astronauts  are 
more  in  the  positions  of  men  on  a long  voyage.  They  must  have  provisions 
for  eating,  sleeping,  waste  evacuation,  recreation,  care  of  their  health, 
as  well  as  a more  complete  work  space  since  the  ground  rule  of  the 
maintaining  command  control  aboard  the  vehicle  has  been  established. 
Furthermore,  the  long  period  of  relative  isolation  of  the  group  will 
threaten  mental  disturbance  unless  some  freedom  of  movement  and  relief 
from  boredom  can  be  arranged  by  the  provision  of  a variety  of  tasks. 

The  size  and  dimensions  of  the  capsule  dictate  that  the  crewman  will  be 
living  imder  unsatisfactory  small  group  society  rules.  This  fact  will 
require  very  thorough  study  and  provision  within  the  capsule  in  order 
that  the  problems  of  crew  relationship  may  be  alleviated.  The  duration 
of  flight  and  the  fact  that  man  must  face  weightlessness  and  isolation 
for  many  consecutive  days  raise  the  question  of  crew  selection  to  assure 
conpatibility. 

Many  of  the  above-noted  items  are  subject  to  solution  throu^ 
relatively  straightforward  mechanical-  and  human-engineering  studies. 

One  item,  however,  is  not  now  considered  to  be  in  such  good  shape: 
that  is  the  problem  of  radiation  in  space,  particularly  during  solar 
flares . 

Figure  1 lists  the  crew  and  environment  guidelines.  Briefly,  these 
guidelines  state  that  we  should  plan  on  having  a "shirt  sleeve"  environ- 
ment for  a minimum  crew  of  three  men  and  that  we  must  design  the  vehicle 
(and  the  mission)  to  provide  adequate  radiation  protection  for  the  crew. 

Required  Scientific  Experimentation 

The  magnitude  of  the  step  proposed  in  the  clslunar  flight  over  that 
acconplished  in  Mercury  and  the  demand  for  placing  the  control  center  of 
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the  operation  in  the  capsule  under  control  of  the  astronaut  require  a 
rather  extensive  biological  program  to  be  accomplished  prior  to  the  time 
when  the  cislunar  flight  will  be  undertaken.  These  experiments  should  go 
along  with  the  other  developmental  tests  and  data- gathering  flights  -vdiich 
are  planned  as  intermediate  steps  in  the  development  program.  This 
discussion  will  be  confined  to  an  outline  of  the  types  of  experiments 
required  within  the  life-sciences  area,  assuming  that  there  will  be  an 
equal  number  of  experiments  required  in  both  the  physical  data- gathering 
and  the  engineering  test  programs.  The  life-sciences  program  can  be 
divided  into  roughly  four  categories.  They  are  as  follows; 

(a)  Psychophyslological  (Habitation) . - This  area  will  Include  a 
study  of  the  provisions  for  quarters  and  working  area.  This  will  include 
a study  of  the  equipment  that  is  placed  onboard  to  assure  that  this  equip- 
ment will  allow  for  crew  duties  to  be  adequately  performed.  Also  included 
will  be  the  problem  of  crew  association,  namely  that  of  small  group 
sociological  problems  and  the  methods  of  the  small  group  working  together 
for  such  a venture.  Here  also,  studies  on  the  problems  of  sensory 
deprivation  should  be  made.  The  problems  of  earth  separation  should  be 
considered.  A study  of  the  methods  of  attacking  boredom  must  be  made. 
These  studies  should  result  in  the  determination  of  the  magnitude  of  the 
problems  in  this  area  and  should  dictate  the  directions  for  solution  such 
as  the  manner  of  work  schedules,  numbers  of  crew,  relaxation,  and  enter- 
tainment provisions,  and  any  other  approaches  to  alleviate  or  ameliorate 
these  as  problem  areas. 

(b)  Phys lologic al . - Since  this  flight  is  to  be  a large  extension  of 
any  experience  we  have  had  to  date,  it  will  be  necessary  to  have  studies 
which  are  primarily  in  the  field  of  weightlessness  and  its  effect  over 
chronic  exposure  studies.  These  will  Include  such  things  as  studies  of 
the  respiratory  reflexes,  cardiovascular  reflexes,  cardiovascular 
efficiency,  muscle  tone,  maintenance  of  muscle  tone,  metabolic 
aberrations,  radiation  estimation  and  the  adequacy  of  the  protection 
provided,  and  the  methods  for  gathering  such  data,  and  should  include 

the  new  instrumentation  required  to  do  this  in  a more  efficient  and  less 
burdensome  manner. 

(c)  Human  Engineering. - This  area  will  confine  its  exp)erimentation 
to  the  actual  crew  performance  for  the  job  of  successful  flight.  The 
study  and  experimentation  on  the  analysis  of  the  jobs  to  be  done  will  be 
made.  The  crew  layout,  which  naturally  results  from  such  an  anadysis, 
can  then  be  better  designed.  The  number  of  crew  members  who  are 
required  to  work  together  in  performing  an  operational  task  can  be 
ascertained.  The  operational  procedures,  which  must  be  established  for 
successful  flight,  can  be  made  and  exercised  through  the  development 
program,  modified  and  retested  to  validate  adequacy  for  leading  toward 
successful  flight.  The  final  result  of  this  area  of  study  will  be  the 
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development  of  mechanisms  and  the  training  devices  for  training  crews 
for  such  a cislunar  vehicle  flight. 

(d)  Medical  support  for  the  above  areas.-  In  this  area,  such 
studies  as  the  natural  development  of  micro-organisms  occurring  within 
a group  living  within  confined  quarters  for  a 2-week  period  must  he 
made.  As  has  been  well-established  in  bacterial  growth  and  their  habits 
over  earthbound  existence,  the  natural  incubation  period  for  such 
bacteria  falls  within  the  7 to  l4  days  planned  for  the  maximum  operation 
of  this  vehicle.  This  will  mean,  for  example,  that  a healthy  astronaut 
leaving  on  such  a voyage  could,  by  exposure  to  his  crew  members  and  the 
bacteria  that  each  brings  to  the  cabin,  become  quite  ill  during  the 
flight  time  unless  provisions  are  made  within  the  environmental  control 
system  and  through  medications  placed  onboard  to  control  such  events. 
Another  area  that  falls  under  the  research  program  will  include  the 
establishment  of  the  radiation  tolerances,  the  devices  for  measuring 
the  radiation  occurring  within  the  capsule  during  flight,  and  to 
ascertain  any  effects  which  may  be  detrimental  to  the  flight  during 
such  exposure.  Underlying  this  reseeirch  program,  of  course,  will  be 
the  desire  to  establish  what  can  be  handled  by  the  crewman  aboard  and 
what  must  be  provided,  as  far  as  basic  equipment,  to  enable  them  to 
take  care  of  themselves.  In  addition,  the  mechanisms  for  gathering 
such  information  aboard  the  vehicle  ■vdien  the  problems  present  themselves 
during  a flight  must  be  established. 

Many  of  these  areas  which  have  been  listed  under  the  research 
program  will  require  both  human  and  animal  studies  as  a method  for  the 
establishment  of  validity  to  the  answers  of  the  questions  that  have  been 
raised.  The  animals  in  this  case  will  allow  for  multiple  numbers  of 
specimens  to  be  exposed  along  with  small  crew  groups  in  order  that 
statistical  numbers  can  be  considered  and  data  on  tissues  resulting 
from  tests  can  be  considered.  The  animal  offers  the  opportunity  to 
translate  his  effects  to  the  hman  performance,  while  at  the  same  time 
giving  the  bioscience  advisors  an  opportunity  to  study  pathologically 
some  of  the  animals  after  flight.  This  permits  the  evaluation  of  the 
subtle  changes  seen  in  tissues  if  there  are  no  changes  in  the  crew 
anticipated  or  found  dirring  the  flight,  because  it  then  establishes 
more  firmly  man's  capability  to  withstand  the  rigors  of  such  an  advanced 
flight. 


Environmental  Considerations 

The  crew  accommodations  must  provide  a safe  and  comfortable  environ- 
ment for  the  duration  of  this  mission.  Figure  2 lists  the  general  areas 
which  must  be  considered  as  environmental  factors.  Before  going  into  a 
detailed  discussion  of  these  factors,  certain  basic  considerations  shoixld 
be  reviewed. 
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The  long  duration  of  the  flight  precludes  the  continuous  use  of  a 
full-pressure  suit;  therefore,  alternate  methods  for  decompression 
protection  must  be  devised  to  allow  -a  "shirt  sleeve"  type  environment 
for  normal  operation.  The  long  confinement  period  in  close  quarters  may 
require  some  accommodations  for  individual  privacy,  recreation  and  means 
of  physical  exercise.  The  cabin  arrangement  must  be  functional  and  still 
provide  a satisfactory  liveable  space  environment. 

Let  us  now  consider  the  areas  listed  in  figure  2. 

(a)  Atmospheric  control.-  The  general  requirements  for  atmospheric 
control  are  as  follows : 

Hermetically  sealed  cabin 
Pressurization  control 
Breathing  oxygen 
Carbon  dioxide  removal 
Temperature  control 
Humidity  control 
Control  of  toxic  gases 
Instrumentation 

(1)  Sealed  cabin  - The  reentry  vehicle  and  space  laboratory 
cabins  should  be  hermetically  sealed  with  provisions  for  repair  or 
self-sealing  of  leaks.  Each  cabin  must  be  considered  as  a self- 
contained  independent  pressure  vessel.  Repairs  to  the  pressure 
vessels  should  be  made  from  the  capsule  interior  and  not  require 
the  occupants  to  leave  the  cabin. 

(2)  Breathing  oxygen  and  pressurization  - A system  must  be 
developed  which  can  supply  oxygen  at  a rate  of  2.0  pounds /man/day 
and  remove  carbon  dioxide  produced  at  a rate  of  2.5  pounds /man/day. 
These  metabolic  data  should  be  confirmed  under  actual  flight  condi- 
tions as  part  of  a general  capsule  habitability  study.  The  oxygen 
partial  press\ire  must  be  maintained  at  a minimum  of  l60-mm  Hg  to 
maintain  normal  blood  saturation  levels.  To  determine  the  total 
cabin  pressure  and  gaseous  composition,  investigations  into  the 
physiological  requirements,  structural  weight,  and  system  wei^t 
and  complexity  must  be  made.  From  such  a study,  it  can  be 
determined  if  a two-gas  system,  i.e.,  oxygen-nitrogen,  at  lk.7  psi 
is  feasible  or  required.  The  selection  of  oxygen  sources  must  be 

a compromise  between  storability,  reliability  and  weight.  To 
achieve  these  objectives  and  to  provide  the  required  redundancy, 
two  types  of  oxygen  so\irces  may  be  required.  For  example,  a liquid- 
oxygen  source  could  be  used  as  the  primary  supply  with  a chemical 
superoxide  system  as  the  backup  or  emergency  supply. 
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(3)  Carbon  dioxide  removal  - The  carbon  dioxide  partial 
pressure  must  be  maintained  below  4-mm  Hg  at  all  times.  This  control 
and  removal  of  carbon  dioxide  may  require  the  use  of  chemical  absorp- 
tion or  the  utilization  of  materials  to  collect  carbon  dioxide  from 
the  cabin  environment  and  subsequently  dunq)  the  CO^  overboard.  With 

the  duration  of  this  flight  and  the  current  state  of  technology,  it 
does  not  appear  that  a regeneration  system  for  breaking  C0_  into  0 
and  carbon  is  feasible  or  required.  ^ ^ 

(^)  Temperature  control  - The  system  must  be  capable  of  control- 
ling and  maintaining  the  cabin  temperature  between  a selectable  range 
of  65  -75  F.  This  will  require  removal  of  the  metabolic  heat  loads 
of  300  to  700  Btu/hr/man  with  peak  rates  as  high  as  1,400  Btu/hr/man. 
In  addition,  the  electrical  heat  load  must  be  removed  by  this  system. 
The  use  of  a refrigerant  cycle  or  coolant  liquid  appears  impractic- 
able due  to  weight  and  power  requirements.  It  therefore  seems 
probable  that  a radiant-type  heat  removal  system  will  be  required. 

(5)  Humidity  control  - A method  must  be  devised  for  removing 
respiration  and  perspiration  water  vapors  in  the  cabin.  This  removal 
system  may  be  developed  in  conjunction  with  the  temperatiore  control 
system  in  which  the  vapors  could  be  condensed  and  collected. 

(6)  Control  of  toxic  gases  and  micro-organisms  - Provisions  for 
removal  of  toxic  materials  such  as  carbon  monoxide,  methane,  etc., 
must  be  made.  Consideration  must  be  given  in  the  selection  of  capsule 
materials  and  in  capsule  operation  to  prevent  inclusion  of  micro- 
organisms which  might  have  nurtured  and  multiplied  in  space  flight 

to  cause  illness  or  systems  interference. 

(7)  Instrumentation  - Basic  instrumentation  must  be  provided 
to  monitor  the  capsule  environment.  Ihis  must  include  temperature- 
pressure  measurements  and  partial  pressures  of  oxygen  and  carbon 
dioxide.  If  possible,  a measvire  of  toxic  materials  such  as  hydro- 
carbons, Cq,  etc.,  should  be  made. 

(b)  Decompression  protection.-  This  space  vehicle  must  have  a highly- 
reliable  pressurized  cabin  and  laboratory  to  preclude  the  use  of  a pressure 
suit  in  normal  flight.  There  are  several  approaches  to  the  problem  of 
decompression  protection.  The  first  approach  would  be  a quick-donning 
pressure  suit  together  with  subdivision  into  two  conipartments  with  an  air 
lock  in-between.  Pressure  suits  would  only  be  used  in  critical  times 
such  as  launch  or  reentry.  The  second  approach  would  be  to  provide  a 
small  rigid  module  for  the  crewmen  in  which  they  can  be  pressurized 
above  the  bends  level  and  have  emergency  controls  to  effect  reentry 
and  landing.  This  approach,  however,  does  have  the  disadvantage  of 
not  allowing  the  occupants  to  move  from  a pressurized  con^jartment  into 
a decompressed  compartment  in  case  of  an  emergency. 
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(c)  Acceleration  ajid  restraint.-  The  resultant  vector  accelerations 
caused  by  linear,  oscillatory  and  rotational  motion  and  applied  to  the 
astronaut  support  couch  or  restraining  harness  during  either  normal  or 
aborted  missions  shall  not  exceed  accepted  limits.  Figure  5 summarizes 
the  known  data  for  stemumward  forces  for  pure  accelerations  in  directions 
perpendicular  to  the  spine  and  for  lateral  loads  and  the  resilLtant  vector 
loads.  From  this  plot,  it  can  be  seen  that  20g  in  the  perpendicular  and 
lOg  in  the  lateral  are  the  presently  accepted  tolerance  levels.  Current 
studies  at  Wright  Air  Development  Division  (WADD)  Indicate  that  these 
levels  may  be  exceeded  without  injury;  however,  data  from  these  tests  are 
not  complete.  Figure  4 summarizes  the  accelerations  that  human  beings 
have  endured  for  the  time  duration  shown.  Tolerances  may  be  greater 
but  these  are  the  best  data  available  at  this  time.  The  duration  of 
sustained  load  is  an  important  variable  and  only  data  having  significant 
durations  were  plotted.  The  gaps  from  0.01  to  0.04  second  exist  since 
this  is  in  the  region  of  inpact-type  decelerations  in  which  onset  rates 
may  affect  tolerance.  Another  gap  exists  in  the  data  from  1-^  to  8 
seconds. 

The  accelerations  applied  must  be  limited  to  these  values  because 
tolerance  data  justifying  larger  accelerations  are  not  available  for 
vector  directions  other  than  parallel  to  the  principal  body  axis. 
Furthermore,  intelligent  vehicle  control  efforts  do  not  appear  possible 
when  the  accelerations  imposed  exceed  these  values.  If  these  limits  are 
exceeded,  additional  tolerance  and  control  studies  must  be  conducted. 

If  tumbling,  spinning,  or  rotation  occurs  during  the  mission,  the 
rate  should  not  exceed  one  revolution  per  second  and  the  duration  should 
not  exceed  1 minute.  These  limits  have  been  demonstrated  as  tolerable 
limits  (Ref. -Journal  of  Aviation  Medicine,  Feb.  195^^  PP-  5-222). 

The  design  of  the  restraint  couch  and  harness  system  should  place 
the  occupant  in  a supine  position  during  launch  and  reentry.  This 
position  provides  maximum  tolerance  protection  to  linear  accelerations. 

Several  approaches  to  couch  design  should  be  investigated  - for 
example,  the  net  couch  or  a universal  formed  couch  which  utilizes 
particulate  matter  that  becomes  rigid  when  evacuated  but  remains  pliable 
and  readily  contoured  in  the  absence  of  a pressure  differential.  The 
couch  must  be  designed  to  serve  as  a bed  and,  if  possible,  the  couches 
should  be  designed  to  fold  away  to  give  maximum  floor  space  in  flight. 

The  integration  of  decompression  protection  into  the  couch  must  also  be 
Investigated. 

The  restraint  harness  must  be  designed  to  restrain  the  crewman  in 
all  directions  in  which  accelerations  will  be  encountered.  The  harness 
must  be  easy  to  attach,  simple  to  adjust  and  free  of  loose  straps,  etc. 


CONFIDENTIAL 


CONFIDENTIAL 


30 


to  provide  a clean  harness  Installation.  The  use  of  an  integrated 
restraint  garment  must  be  investigated  to  achieve  these  goals. 

If  emergency  accelerations  exceed  the  tolerance  limits,  attenuation 
devices  must  be  provided  as  backups  to  the  capsule -landing  attenuation 
system. 

(^)  Noise  and  vibration.-  The  noise  level  vlthln  the  capsule  must 
not  exceed  those  limits  shown  by  figure  5.  During  normal  flight  the 
vehicle  noise  level  should  be  maintained  below  4o  decibels . Vibrations 
during  launch  and  reentry  must  be  maintained  below  the  "painful"  level 
indicated  by  figure  6 and  below  the  "unpleasant"  level  during  normal 
flight. 

(s)  Nutrition. - A balanced  diet  of  approximately  3,000  kllo- 
calories/day/man  must  be  provided.  The  foods  must  be  palatable  and 
provisions  for  warming  the  foods  must  be  considered.  If  possible,  low- 
residue-type  foods  should  be  provided  to  ease  the  waste -handling  problem. 

The  types  of  food  and  the  dispensing  equipment  must  lend  themselves  to 
weightless  operation. 

(f)  Waste  disposal.-  With  the  relatively  short  duration  of  this 
mission,  it  does  not  seem  practical  to  attempt  to  recycle  and  utilize 
the  fecal  wastes.  Therefore,  provisions  for  storing  and  decontaminating 
the  fecal  waste  must  be  made. 

The  recycling  of  urine,  however,  appears  to  be  worthy  of  Investigation. 
Figure  7 Indicates  that  I68  pounds  of  urine  would  be  available  for  reclama- 
tion; this  coupled  with  water  from  perspiration  and  respiration  would 
greatly  reduce  the  onboard  water  requirements  provided  a highly  reliable 
purification  system  is  developed. 

(g)  Interior  arrangement  and  displays.-  Since  the  space  available 
will  be  limited,  every  effort  shoiild  be  made  to  make  what  space  there 
is  usable  for  several  purposes  (use  of  fold-away  devices,  etc.). 

In  general,  provisions  for  privacy  and  a sleeping,  general  living 
and  eating  area  apart  from  the  laboratory  would  be  desirable.  Sleeping 
may  best  be  accomplished  in  a zippered  sleeping  bag  that  would  restrain 
the  crewman  and  provide  decompression  protection. 

Provisions  for  recreation,  personal  hygiene,  and  exercise  must  be 
made.  The  -use  of  radio  and  reading  materials  should  provide  adequate 
outlets  for  the  recreation  requirement.  Use  of  microfilms  may  prove 
useful  in  this  problem  area.  Dry-wash  techniques  for  personal  hygiene 
and  the  use  of  ultrasonic  cleaners  for  maintaining  clothing  should  be 
investigated.  Some  type  of  exercise  equipment  such  as  a treadmill  or 
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rowing  machine  must  be  provided  to  maintain  body  tone.  The  exercise 
equipment  may  be  developed  to  transform  the  mechanical  energy  into 
electrical  energy  to  recharge  onboard  electrical  supplies. 

Figure  7 summarizes  the  metabolic  requirements  for  this  mission. 

This  data  is  presented  only  as  "ball  park"  data  to  give  a feel  for  basic 
requirements . 

(h)  Bioinstrumentation. - The  amount  and  types  of  instrumentation  in 
the  three -man  capsule  should  not  differ  materially  from  the  Mercizry  capsule 
instrumentation.  Practically  the  same  parameters  will  need  to  be  measured 
and  the  increased  size  of  the  capsule  will  not  need  to  increase  the  size 
of  the  instrumentation  package  to  any  extent.  With  less  Instrumentation 
per  man  and  a division  of  responsibility  among  the  crew  members,  the 
monitoring  of  the  capsule  should  not  require  a large  portion  of  the  men's 
time.  An  automatic  alamn  and  warning  system  for  dangerous  conditions  and 
malfunctions  should  be  provided  so  the  men  will  not  have  to  monitor  con- 
tinuously and  be  available  for  other  useful  functions. 

The  bulk  of  the  instrumentation  should  be  placed  in  the  reentry 
vehicle  so  most  of  the  control  can  be  carried  out  in  this  portion  and 
duplication  in  the  laboratory  portion  will  be  unnecessary.  In  any  case 
the  control  will  be  needed  during  launch  and  reentry  in  this  portion. 

Radiation 

The  area  of  radiation  and  its  measurement  (also  its  protection)  is 
probably  one  of  the  most  controversial  ones  that  exist  in  the  entire 
system.  The  levels  of  radiation  which  the  man  will  accept  during  routine 
operation  should  be  kept,  through  design,  to  an  absolute  minimum.  By 
this  technique,  the  man  will  have  every  opportunity  to  use  his  total 
maximum  dosage  limit  during  the  times  of  solar  activity.  The  maximum 
allowable  dosage  permissible  for  an  astronaut  has  been  discussed  with 
many  experts  within  the  United  States,  and  the  general  concensus  of 
opinion  is  that  25  REM  is  the  upper  limit.  To  demonstrate  the  problems 
of  radiation  effect,  the  best  guesses  of  these  experts  and  -vdiat  they 
predict  would  occur  in  the  astronaut  when  compared  to  the  total  exposure, 
can  be  seen  in  figure  8. 

It  seems  obvious  that  the  significance  of  the  maximum  dosage  of  25 
REM,  as  mentioned  above,  is  that  we  are  in  an  area,  as  predicted  by  the 
experts,  where  a rapid  Increase  in  both  the  chronic  as  well  as  the 
acute  changes,  is  beginning  to  occur.  It  is  probably  of  equal  signifi- 
cance to  note  that  this  is  a guess  of  percent  of  effect  rather  than 
tested  data  in  this  area.  This,  we  believe,  summarizes  very  well  the 
problem  and  need  of  gathering  hard  figures  which  can  be  used  for  design 
and  prediction  of  effect  of  radiation  on  the  astronaut.  For  example, 
there  is  a small  group  in  the  United  States  which  feels  the  dosage 
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techniques  presently  being  used  may  not  be  really  applicable  to  space 
exposure.  If  this  is  true,  then  the  individuals  receiving  25  REM  in  the 
present  measurement  technique  would  not  receive  the  total  dosage  effects 
predicted.  In  addition  to  this,  it  should  be  noted  that  an  individual 
receiving  the  25  REM  maximum  dosage  over  small  increments  over  a period  of 
time  would  not  get  a con5)letely  additive  result.  For  example,  if  the 
man  received  10  REM  on  the  way  out  through  the  radiation  belts  and  I5  REM 
2 weeks  later  coming  back  through  the  radiation  belts,  the  total  effect 
would  not  be  25  REM,  but  some  increment  less  than  this.  The  25  REM  dosage 
mentioned  above  is  considered  as  the  exposure  of  a man  on  a single  dosage. 
The  radiation  exposure  can  be  reduced  through  the  proper  utilization  of 
trajectory  planning  and  also  through  the  use  of  acceleration  planning  to 
schedule  shorter  times  of  flight  through  the  belts.  The  best  estimates 
at  this  time  would  indicate  that  through  the  use  of  the  equipment  aboard 
the  vehicle  as  shielding,  the  use  of  trajectory  planning,  and  the  use 
of  time  in  radiation-belt  exposure  as  methods  of  protection,  the  crew 
will  provide  sufficient  latitude  for  design  and  flight  planning  to  permit 
the  flight  of  such  a cislunar  vehicle  within  the  state-of-the-art  today. 

In  the  event  a solar  flare  occurs  during  the  fli^t  program  of  either  the 
orbital  or  of  later  cislunar  flight,  serious  consideration  as  to  what 
dosage  limits  will  be,  under  these  conditions,  should  be  made  through 
experimental  studies j and  the  techniques  which  would  be  advisable  for 
the  crew  should  be  established.  Presuming  that  the  further  studies  in 
the  radiation  areas  do  not  develop  any  eidditional  new  problems  for  our 
planning  and  designing  people,  there  still  remain  to  be  solved  several 
problem  areas  in  the  vehicle  design.  An  actual  establishment  of  a 
radiation  dose  should  be  made.  This  includes  the  validation  of  either 
the  present  measurement  technique  of  dosage  or  the  validation  of  the 
volumetric  dose  technique.  After  the  dosage  limits  have  been  established, 
then  the  development  and  testing  of  the  equipment  which  should  be  placed 
aboard  the  capsule  for  the  measiirement  of  the  accumTolating  dosage  for  the 
crewman  must  be  made.  This  instrumentation  will  have  to  reflect  a cap- 
ability of  reading  the  accumulated  dosage  for  the  crewman  as  well  as  a 
warning  system  for  the  men  when  a certain  level  of  tolerance  has  been 
exceeded.  It  should  be  such  that  the  men  can  easily  ascertain  their 
day-to-day  situation. 


Crew  Size 

The  number  of  astronauts  required  for  the  crew  of  a cislunar  flight 
varies  with  the  following  factors: 

(a)  The  number  of  crew  jobs  required  for  successful  flight.  These 
tasks  must  be  further  divided  as  to  the  relative  priority  of  each  task, 
the  number  of  tasks  which  must  be  done  concurrently,  etc.  As  an  exanple, 
the  tasks  can  be  divided  into  those  of  primary  inportance  (vital  to 
flight)  and  those  of  secondary  importance  (essential  but  of  lesser 
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magnitude).  For  example,  the  tasks  of  pilot,  communicator,  navigator, 
engineer,  and  flight  conductor  may  be  considered  as  primary  tasks.  Such 
areas  as  health  monitor  (radiation  count,  medical  care  for  injury,  etc.), 
commissary  supervisor,  vaste  material  supervisor  may  be  considered  secon- 
dary. It  is  possible  for  one  man  to  be  cross-trained  in  more  than  one 
area.  However,  the  desire  to  have  one  man  primarily  responsible  for  more 
than  one  area  must  be  modified  by  such  events  as  how  many  men  will  be 
required  to  perform  simultaneously  to  make  a successfiil  flight  (i.e.,  a 
midcourse  guidance  will  require  both  pilot  and  navigator  to  operate 
simultaneously).  In  addition,  the  con5)lexity  of  each  o±  the  primary 
tasks  dictates  that  one  man  cannot  be  counted  upon  to  do  a reliable  job 
in  more  than  two  of  these  areas.  He  can  act  as  a backup  on  some  of  the 
other  areas  through  cross-training.  Actually,  the  job  areas  are  analogous 
to  the  present-day  B-47,  B-52,  and  B-58*  A.  man  on  the  crew  can  do  one 
task  or  make  one  decision  at  a time;  therefore,  more  men  are  requested. 

The  first  study  indicates  a minimum  crew  size  of  three  men  to  handle  the 
total  task  area. 

(b)  The  duration  of  the  orbital  and  cislunar  flight  will  cause  the 
diminution  of  the  capability  of  a given  crewman  to  perform  under  an 
abnormal  on-duty-off-duty  schedxile.  Man  can  have  his  normal  8-hour  work 
cycle  interrupted  for  a series  of  2 or  3 days  with  a small  but  increasing 
loss  in  efficiency;  even  here,  breaks  must  be  provided.  However,  "vdien 
this  interruption  is  maintained  for  more  than  2 to  5 days,  a standard  8- 
hour  shift  system  must  be  considered  in  the  flight  as  maximum.  This 
dictates  more  than  one  crewman  will  be  needed  to  cover  the  flight  duration 
of  2 weeks,  if  the  desire  to  operate  continuous  surveillance  and  commimlca- 
tion  capability  is  met.  Again,  the  minimum  crew  size  will  be  three  for 

a 24-hour  period  of  operation  with  each  working  8-hour  primary  shifts  with 
extra  short  periods  of  specific  help  on  problems. 

(c)  The  level  of  alertness  required  by  the  crewman  will  cause  further 
modification  of  the  8-hour  work  shift.  If  monitoring  is  the  task,  then 
shorter  work  cycles  will  be  required.  This  will  Increase  the  need  for 
multiple  men.  For  example,  a pure  monitoring  task  such  as  surveillance 

of  vehicle  operation  will  set  a 4- hour  maximum  single  period  performance 
without  rest  or  severe  loss  of  alertness. 

(d)  Redundancy  of  man’s  system  to  prevent  abort  of  the  flight  due 
to  injury  or  illness  of  a crewman  must  be  considered.  Presuming  a second 
creman  can  support  the  injirred  or  ill  astronaut,  thus  Increased  reliability 
of  the  flight  can  be  obtained  by  multiple  crew.  This  will  simplify  the 
problems  of  inadvertent  recovery  at  unprepared  sites.  Serious  considera- 
tion of  flying  the  total  mission  rather  than  aborting  should  be  made  due 

to  the  complexity  of  recovery  from  an  unscheduled  earth  impact. 

(e)  The  utilization  of  this  vehicle  as  an  intermediate  orbital 
laboratory  dictates  space  and  provision  for  carrying  aloft  experiments 
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and  experimenters  necessaxy  to  demonstrate  man's  capability  to  operate 
iinder  these  advanced  flight  precepts.  In  these  tests,  it  "would  appear 
essential  that  personnel  other  than  normal  flight  cre"wmen  "will  he 
reqiiired  to  con^jlete  the  tests  "with  a minimum  of  flights.  This  becomes 
essential  if  the  stated  desire  to  reduce  bioinstrumentation  monitoring 
on  the  astronaut  is  held  to  problem  areas  in  astronaut  provision  and 
habitability  is  eliminated  before  the  cislunar  flight.  The  significance 
of  this  type  of  approach  becomes  apparent  "vdiere  the  need  for  a reliable 
crev  is  considered  as  vital  to  the  cislunar  flight,  and  the  automatic 
recovery  aids  are  reduced  or  eliminated. 
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CREW  AND  ENVIRONMENT  GUIDELINES 

nr  A.  DESIGNED  FOR  "SHIRT-SLEEVE"  ENVIRONMENT 

B.  DESIGNED  FOR  THREE- MAN  CREW 

C.  DESIGNED  FOR  RADIATION  PROTECTION 


Figure  1 


PHYSICAL  ENVIRONMENT  FOR  CREW 


ATMOSPHERE  CONTROL 
DECOMPRESSION  PROTECTION 
ACCELERATION  PROTECTION 
NOISE  AND  VIBRATION 
NUTRITION 
WASTE  DISPOSAL 

INTERIOR  ARRANGEMENT  AND  DISPLAYS 
BIOINSTRUMENTATION 


Fig\are  2 
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RELATION  BETWEEN  ALLOWABLE  ACCELERATION  IMPOSED  ON 
OCCUPANT  OF  CAPSULE  AND  ANGLE  OF  ACCELERATION 
VECTOR  WITH  ROLL  AXIS  OF  CAPSULE 


ALLOWABLE  ACCELERATION.DEG 


Figvire  5- 


ACCELERATION  THAT  HUMAN  BEINGS  HAVE  ENDURED  WITHOUT 
INJURY  FOR  THE  DURATION  SHOWN 


DURATION  OF  UNIFORMACCELERATION.SEC 


Figure  4 
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NOISE  TOLERANCE 


EXPOSURE  TIME,  SEC 
140  r I 1 1 1 


FACE-TO-FACE  COMMUNICATION 


80 


.006 


_j 1 I I 1 

.06  .6  6 60  600 

EXPOSURE  TIME,  MIN 


Figure  5 


HUMAN  SUBJECTIVE  RESPONSE  TO  VIBRATION 


Figure  6 
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GUESSES  OF  PERCENT  OF  EFFECT 
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THREE- MAN -14  DAY  MISSION 


ESTIMATED 

METABOLIC  REQUIREMENTS 


DRY  FOOD  - 84  POUNDS 
(126,000  k CALORIES) 
H2O  - 239  POUNDS 
•OXYGEN  - 84  POUNDS 


BY-PRODUCTS 


tAKBUN  UlUXIDE 
WATER 

RESPIRATION 

PERSPIRATION 

URINE 

FECES 


IU5.U  KUUNUS 

37.8  POUNDS 
54.6  POUNDS 
168.0  POUNDS 

16.8  POUNDS 


TOTAL  2 

RECOVERABLE  WATER  260.4  POUNDS 


BASED  ON  MAN  USING  3,000  k CAU  DAY  FOODS 
R.  Q.  - 0.8 

•no  allowance  for  CABIN  LEAKAGE.  ETC. 


Figure  7 


RADIATION  TOLERANCE 


TOTAL  BODY  EXPOSURE  TO  X OR  GAMMA  RADIATION  ( ROENTGENS) 
w REMS 


Figure  8 
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COMMAND  AND  COMMUNICATIONS 
by  Robert  C.  Chilton 


INTRODUCTION 

The  manned  circumlunar  vehicle  is  an  important  developmental  step 
toward  the  goal  of  establishing  a manned  scientific  outpost  on  the  moon. 
Man's  role  on  the  moon  or  in  space  can  be  fulfilled  only  if  he  can 
achieve  the  means  of  controlling  his  environment  and  this  includes  the 

nninmanf^  and  control  Of  the  flight  of  his  spacecraft.  The  next  two 

guidelines,  figure  1,  concern  this  aspect  of  the  program:  (a)  Onboard 

command  of  the  mission  and  (b)  Communications  and  tracking  necessary  to 
support  this  concept  of  manned  operations  in  space. 

Onboard  Command 

The  first  guideline  states  that  primary  command  of  the  mission 
should  be  onboard.  The  vehicle  should  be  designed  solely  for  manned 
operations  with  no  systems  requirements  for  carrying  out  unmanned 
qualification  missions.  A primary  objective  of  the  circumlunar  program 
is  the  development  of  operational  techniques  for  manned  vehicles.  This 
development  has  its  beginning  in  the  Mercury  program.  It  will  be 

expanded  in  the  orbital  phase  of  the  circumlunar  program,  and  by  the 

conclusion  of  the  circumlxinar  program,  the  full  scope  of  manned  space 
operations  will  have  been  explored  except  for  lunar  landings  and  take- 
offs . 


The  payload  cost  of  supporting  a man  in  space  is  very  large  in 
comparison  with  unmanned  space  operations.  There  is  also  a great  cost 
in  system  complexity  for  providing  the  mission  abort  capability  neces- 
sary for  manned  space  flight.  Therefore,  when  manned  space  flight  is 
the  basis  for  design,  the  maximum  advantage  must  be  taken  of  the  com- 
mand decision  and  operational  capabilities  of  the  crewman.  It  is 
impractical  to  provide  a completely  automatic  mission  operated  by 
ground  command.  Fiirthermore,  it  is  our  opinion  that  by  concentrating 
on  the  manned  operational  concept  we  can  achieve  an  earlier  and  greater 
probability  for  success  toward  the  \altlmate  goal  of  accomplishing 
reliable  flights  to  and  from  the  surface  of  the  moon. 

Crew  Responsibilities 

It  should  be  emphasized  at  this  point  that  the  manned  operational 
concept  does  not  imply  that  all  operations  are  manually  performed.  There 
is  a definite  requirement  for  such  automated  functions  as  attitude  con- 
trol and  abori>- sensing  to  obtain  high  accuracy,  short  response  time,  and 
pilot  relief.  The  correct  implication  of  manned  operations  is  that  the 
crew  is  given  the  command  control  of  the  vehicle  and  its  systems  by 


CONFIDENTIAL 


CONFIDENTIAL 


ho 


jTjdiciously  assigning  tasks  to  the  crew,  hy  cross-training  the  crew  in 
the  various  tasks,  and  by  providing  means  for  checking  and  correcting 
systems  performance. 

Figure  2 indicates  the  system  responsibilities  of  the  crew.  The 
primary  task  is  to  make  command  decisions  and  monitor  systems  performance. 
In  particular,  this  includes  supervision  of  navigation  and  control.  The 
secondary  task  is  to  maintain  systems  performance  by  accomplishing  nec- 
essary maintenance  and  repair  or  by  engaging  the  appropriate  backup 
systems.  The  emergency  task  is  to  take  over  by  mammal  modes  certain 
critical  functions.  At  this  time,  these  functions  cannot  be  described 
in  detail.  A study  is  required  to  determine  the  extent  of  the  capa- 
bilities of  the  crew  to  perform  these  tasks  and  to  specify  what  is 
reasonable  to  expect  for  routine,  urgent,  and  extreme  emergency  con- 
ditions of  operation. 


Hardware  Requirements 

The  flight  hardware  should  be  designed  not  only  for  intrinsic 
reliability,  but  also,  when  practical,  it  should  be  designed  to  incor- 
porate special  features  for  operational  reliability  such  as  replacement 
modules  for  easy  maintenance,  self -checking,  and  manual  correction  modes. 
Some  of  the  hardware  requirements  for  onboard  command  are  shown  in 
figure  5.  This  does  not  represent  a configuration  for  any  particiilar 
mode  of  control,  but  rather  a grouping  of  subsystems  showing  their 
relationship  to  one  another.  The  primary  inputs  to  the  crew  are  from 
the  display  console  and  from  the  ground  complex.  Not  shown  are  the 
pilot  Inputs  to  the  subsystems.  It  is  anticipated  that  he  will  have 
inputs  to  every  subsystem.  A brief  description  of  the  subsystems  and 
some  of  the  problems  they  suggest  will  be  given  in  the  following  sections. 

Inertial  Systems.-  Applications  of  gyros  and  accelerometers  supply 
short-term  integration  for  position  and  velocity  determination  and  short- 
term attit\ide  reference.  Both  stabilized  and  body-fixed  applications 
may  be  employed  in  the  best  configuration  for  overall  operational  relia- 
bility. Inertial  platforms  will  be  employed  for  monitoring  insertion 
guidance,  abort  command,  and  for  abort-reentry  navigation.  The  exact 
role  of  the  inertial  platforms  in  midcoTorse  and  normal -reentry  navi- 
gation will  be  determined  by  careful  study  of  trade-offs  between  system 
accuracy,  power  requirements,  weight,  and  techniques  for  correcting  and 
updating  the  system  by  intermediate  reference.  Body-fixed  systems  may 
be  attractive  for  backup  modes. 

Celestial-Optical.-  These  systems  include  telescopes,  star  trackers, 
horizon  scanners,  and  optical  ranging  devices.  They  supply  inertial 
attitude  and  position  reference,  and  local  reference  lnfo:^tlon  in  the 
vicinity  of  earth  and  moon.  Optical  devices  may  operate  in  a variety 
of  modes  and  careful  study  will  reveal  the  extent  to  which  they  may  be 
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employed  to  obtain  maximum  operational  reliability  for  manned  space 
flight  to  the  moon. 

Onboard  _Com£uter . - The  congjuter  represents  a capability  to  perform 
a number  of  digital  calculations,  some  of  them  special  puig)ose  and  some 
general  purpose.  The  entire  concept  of  onboard  control  depends  upon 
the  development  of  versatile,  reliable,  long-lived  computers.  The  com- 
puter must  handle  all  the  navigation  computations  whether  insertion, 
midcourse,  reentry,  abort,  or  orbital  operations  around  the  moon.  Mid- 
course and  reentry  guidance  concepts  must  be  evolved  which  will  simplify 
the  computer  requirements  and  which  will  allow  relatively  simple  schemes 
using  redundant  hardware  for  obtaining  the  capability  of  checking  and 
correcting  system  performance. 


_ Onboard  Display. - The  display  provides  all  the  system  performance 
indices  and  mission  status  parameters  necessary  for  the  pilot  to  carry 
out  his  assigned  role.  It  is  integrally  related  to  the  computer  and 
inertial  systems.  Display  requirements  for  reentry  control  have  received 
^te  a lot  of  attention  in  the  study  phases  of  the  Dyna-Soar  program. 
These  must  be  continued  for  the  circ’umlunar  vehicle  with  added  emphasis 
on  the  aspect  of  control  of  reentries  from  aborted  missions.  Display 
requirements  for  insertion  guidance  monitoring  have  received  less  atten- 
tion, and  the  other  phases  of  the  mission  are  as  yet  unexplored  from 
the  standpoint  of  developing  displays  which  will  put  the  pilot  squarely 
in  the  middle  of  the  onboard  systems  with  means  for  making  real  inputs 
for  achieving  operational  reliability. 

^^ttitude  Control. - Attitude  control  employs  aerodynamic  surfaces, 
reaction  Jets,  reaction  wheels,  etc. , for  control  and  utilizes  the 
inertial  and  celestial-optical  systems  for  reference.  The  accuracy 
of  the  reference  systems  is  determined  by  the  navigation  requirements 
which  may  or  may  not  be  reflected  as  attitude-control  requirements. 
Vehicle  orientation  for  midcourse  coirective  impulse  is  not  expected 
to  req-ulre  precise  control.  Other  requirements  for  attitude  control 
are  for  antenna  look  angles,  solar  orientation,  control  during  thrust 
application  for  abort  and  lunar  retrograde  and  escape,  rapid  reorien- 
tation for  some  abort  cases,  and  control  during  reentry.  Reentry  control 
and  low-altitude  abort  control  must  stress  reliable  stability  augmen- 
tation modes. 


A multimode  system  will  be  necessary  to  satisfy  all  the  require- 
ments. Aerodynamic  control  is  attractive  for  the  low-altitude  abort 
and  the  atmospheric  reentry.  Combinations  of  jets  anfl  wheels  will 
likely  provide  the  long-term  stabilization  requirements.  Techniques 
for  obtaining  reliable  long-period  limit  cycles  will  be  very  Important 
for  economical  use  of  fuel.  Jet  propellant  performance  characteristics 
must  be  compatible  with  operational  and  system  requirements.  Either 
high  thrust  jets  or  gimballed  engines  will  be  required  for  control  during 
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the  high  thrust  application  required  for  aborts  or  1-unar  retrograde. 

Careful  attention  to  the  propulsion  system  design  can  simplify  tlie 
attitude -control  requirements. 

Propulsion.-  The  prop\ilsion  systems  provide  the  small  corrective 
impulse  for  midcourse  guidance  and  the  large  impulse  for  emergency  abort, 
lunar  retrograde  and  escape,  and  retrograde  for  reentry  control  from 
high-altittide  aborts.  The  system  should  be  designed  for  maximum  relia- 
bility and  flexibility,  and  for  minimum  demand  on  attitude  control  due 
to  thrust  misalinement. 

Communications  and  Tracking.-  Tracking  data  provide  position  and 
velocity  data  for  the  pilot  or,  if  necessary,  it  can  be  read  directly 
into  the  computer.  This  brings  us  to  the  next  guideline. 

Communications  and  Tracking 

Communications  and  ground  tracking  should  be  provided  throughout 
the  lunar  mission  except  when  the  vehicle  is  blanketed  by  the  moon. 
Communications  and  tracking  are  important  to  keep  the  ground  crew 
^j^Qrmed  of  the  status  of  the  mission  and  to  obtain  and  relay  navigation 
data  to  the  vehicle.  Naturally,  for  the  lunar  mission  it  will  be  desir- 
able to  maintain  continuous  contact  for  as  long  as  possible.  The 
orbital  mission,  however,  will  be  similar  to  the  Mercury  program  except 
for  the  altitude  and  length  of  time  in  orbit.  At  present,  it  seems  _ _ 

unlikely  that  the  cost  in  the  number  of  ground  stations  required  to  maintain 
continuous  tracking  during  earth  orbits  can  be  justified.  Contact  once 
each  orbit  appears  to  be  a reasonable  and  adequate  requirement. 

Figure  k describes  the  operational  requirements  for  communications 
and  tracking  for  the  lunar  and  orbital  missions.  The  methods  employed 
for  transmitting  messages  should  provide  the  greatest  pf^ctical  coverage 
for  both  the  lunar  and  orbital  missions.  Voice  contact  once  per  orbit 
is  considered  sufficient  for  orbital  missions;  however,  other  means, 
such  as  CW  transmission  should  be  provided  for  essentially  continuous 
contact.  For  the  lunar  mission,  telemetry  will  be  required  only  for 
backup  data.  The  crew  will  be  capable  of  relaying  periodic  status 
reports  on  men,  systems,  and  vehicle;  therefore,  the  strongest  require- 
ment for  telemetry  will  be  for  providing  data  in  case  of  disaster. 

Telemetry  for  the  orbital  mission  may  be  as  conplete  as  necessary  to 
satisfy  the  requirements  for  the  development  program.  Television  for 
the  lunar  mission  may  be  desirable  and  practical  in  the  time  period 
involved.  There  is  no  apparent  requirement  for  television  for  the 
orbital  mission.  A mission  and  operations  analysis  should  be  made  to 
determine  the  number  and  types  of  communications  systems  and  their  duty 
cycles  which  will  be  required  for  efficient  and  reliable  communications. 

Ground  tracking  will  provide  trajectory  data  continuously  for  the 
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lunar  mission  to  the  extent  possible  and  once  per  orbit  for  the  orbital 
mission.  These  data  in  the  form  of  position  and  velocity  fixes  will  be 
relayed  to  the  vehicle  for  midcourse  and  orbital  navigation.  Gro-und 
tracking  in  some  form  may  appear  in  the  guidance  loop  for  approach 
reentry  control. 

Figure  5 illustrates  the  requirements  for  ground  tracking.  It  must 
be  emphasized  that  this  is  purely  speculative.  There  are  shown  at  least 
two  different  systems.  One  system  provides  tracking  data  diiriiig  the 
atmospheric  reentry  phase  and  terminal -point  control;  the  other  system 
has  the  greater  range  required  for  midcourse  tracking.  The  Mercury 
range  may  offer  the  best  means  of  satisfying  the  close-in  requirement. 

A study  should  be  made  tc  determine  whether  the  Mercurj'’  rang^^  r*«n  be 
modified  and  relocated  to  meet  the  Ivinar  operational  requirements  tak- 
ing into  account  the  reentry  control  capability  of  the  vehicle  and  the 
ability  to  control  the  time  of  approach  to  the  corridor. 

The  mldco-urse  tracking  requirement  may  be  satisfied  by  the  presently 
planned  deep  space  net  with  facilities  at  Goldstone,  and  in  Australia 
and  Africa.  This  system  should  be  stiidled  for  applicability  to  the 
circumlunar  mission  taking  into  account  tracking  accuracy  and  require- 
ments for  data  processing.  Radio  Interferometer  systems  should  also  be 
studied.  Finally,  it  will  be  important  to  investigate  existing  or  pro- 
posed facilities  to  Insure  that  the  frequencies  for  al  1 systems  can  be 
made  compatible  in  order  that  a single  beacon  may  be  used  for  midcourse 
and  reentry  tracking. 

The  last  figure,  figure  6,  summarizes  the  problem  areas  which  have 
been  mentioned  in  connection  with  this  guideline: 

(a)  Determine  the  detailed  requirements  for  communications  systems 
with  particular  attention  to  range,  power,  and  duty  cycle. 

(b)  Study  the  tracking  requirements  for  reentry  control  and 
determine  the  applicability  of  the  Mercirry  range. 

(c)  Study  the  requirements  for  midcourse  tracking  and  determine 
the  applicability  of  the  deep  space  net. 

(d)  Determine  the  feasibility  of  providing  compatible  frequencies 
for  midcourse  and  reentry  beacon  requirements. 


CONFIDENTIAL 


CONFIDENTIAL 


COMMAND  AND  COMMUNICATIONS 
GUIDELINES 


m A.  PRIMARY  COMMAND  OF  MISSION 
TO  BE  ON  BOARD 

B.  COMMUNICATIONS  AND  TRACKING 
FACILITIES  NEEDED 


Figure  1 


CREW  RESPONSIBILITIES 

PRIMARY:  COMMAND  DECISION,  MONITORING, 
NAVIGATION,  AND  CONTROL 

SECONDARY:  SYSTEM  REPAIR  AND  MAINTENANCE 

EMERGENCY:  MANUAL  MODES 

Figure  2 
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HARDWARE  REQUIREMENTS  FOR  ONBOARD  CONTROL 


Figure  3 


COMMUNICATIONS  AND  TRACKING, 
OPERATIONAL  REQUIREMENTS 


COMMUNICATIONS: 

(a)  VOICE,  CW,  OTHER 

(b)  TELEMETRY 

(c)  TELEVISION 

TRACKING: 

(a)  TRAJECTORY  DATA 

(b)  NAVIGATION  FIX 

(c)  GUIDANCE  LOOP 


LUNAR  MISSION 

NEAR  CONTINUOUS 
SPECIAL  REQUIREMENTS 
POSSIBLE 

LUNAR  MISSION 

NEAR  CONTINUOUS 

MIDCOURSE 

REENTRY 


ORBITAL  MISSION 

CONTINUOUS 
COMPLETE  AS  REQUIRED 
NO  REQUIREMENT 

ORBITAL  MISSION 

ONCE  PER  ORBIT 

PRE-RETROGRADE 

REENTRY 


Figure  4 
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ILLUSTRATIVE  GROUND  TRACKING  COMPLEX 
FOR  MANNED  LUNAR  OPERATIONS 


Figure  5 


COMMUNICATIONS  AND  TRACKING,  PROBLEM  AREA 


(a)  NUMBER  AND  TYPES  OF  COMMUNICATIONS  SYSTEMS 

(RANGE,  POWER,  DUTY  CYCLE) 

(b)  TRACKING  REQUIREMENTS  FOR  REENTRY  CONTROL 

(MODIFY  AND  RELOCATE  MERCURY  TYPE  FACILITIES) 

(c)  TRACKING  REQUIREMENTS  FOR  MIDCOURSE  CONTROL 

(DEEP  SPACE  NET,  RADIO  INTERFEROMETER  - ACCURACY, 
DATA  PROCESSING) 

(d)  COMPATIBLE  FREQUENCIES  FOR  REENTRY  AND  MIDCOURSE 

SYSTEMS 


Figxire  6 
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SUMMARY  AND  SCHEIDULING 
by  Charles  J.  Donlan 


Introduction 

This  paper  attempts  to  recapitulate  some  of  the  problem  areas 
pertinent  to  manned  space  flight  that  have  been  discussed  in  the  preceding 
papers  and  indicates  some  of  the  phasing  problems  ■which  must  be  faced  in 
incorporating  information  res'ulting  from  research  investigations  into  an 
active  program  for  the  procurement  of  hard'ware.  In  this  regard,  the  time 
table  that  is  currently  being  used  in  planning  the  work  and  the  manner  in 
^^ich  'we  propose  to  coordinate  activities  ■will  also  be  disc^ussed. 

Siammary  of  Problem  Areas 

The  problems  that  have  been  discussed  by  the  previous  speakers  have 
covered  a wide  range  of  subjects.  For  the  purposes  of  discussion, 
figure  1 is  a chart  that  groups  these  problems  of  multimanned  space 
flight  into  three  categories  - the  mission,  the  vehicle  and  the  operation. 
Appendices  II  and  III  list  other  problem  areas  in  slightly  greater  detail. 
It  is  not  the  intention  to  single  out  or  define  the  problem  areas  best 
suited  for  study  by  any  particular  Research  Center.  Matters  of  this  kind, 
of  course,  are  best  detennined  by  the  Centers  themselves.  It  is  antici- 
pated, however,  that  the  Research  Centers,  in  orienting  their  thinking 
toward  the  objectives  outlined  in  this  presentation,  ■will  develop  a 
congirehenslve  problem  list  that  ■would  serve  themselves  and  the  Space  Task 
Group  as  a guide  to  activity  in  this  area.  This  list  of  problem  areas, 
of  course,  is  not  complete,  but  it  contains  many  items  of  problem  areas 
that  Mercury  experience  has  shown  must  be  considered  and  thoroughly 
evaluated  before  one  ■wo^uld  be  able  to  prepare  specifications  for  a 
mission  such  as  this.  Once  the  extent  of  the  NASA  in-house  effort  on 
these  problems  is  kno^wn,  "we  ■will  be  in  a position  to  issue  complementary 
study  contracts  with  industry  and  other  groups  to  cover  specialty  areas 
not  otherwise  provided  for. 

In  the  mission  area,  considerable  study  is  needed  relative  to  the 
mission  itself.  For  example,  ■what  part  should  the  pilot  really  play? 
Should  he  be  an  active  element  in  the  system?  What  use  can  be  made  of 
the  existing  ground  networks  available  in  the  time  period?  It  may  ■well 
turn  out  that  emergency  conditions  dictate  much  of  the  essential  elements 
of  the  design  in  the  same  manner  that  the  escape  and  abort  considerations 
for  Project  Mercuiy  had  a great  influence  on  the  design  of  that  vehicle. 

The  vehicle  itself  will  have  many  of  the  problems  reminiscent  of  those 
encountered  in  the  Mercury  program.  But  these  -will  be  more  difficult  to 
solve  than  in  the  case  of  Mercury.  The  problem  of  heating  will,  of 
co^urse,  be  a serious  one  although  it  is  one  about  "which  more  is  known 
perhaps  than  some  of  the  other  problems.  Even  in  Project  Merc"ury,  we 
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find  that  we  are  pushing  the  technology  of  materials  to  the  limit.  The 
radiation  hazard  and  the  required  protection  will  involve  a tremendous 
research  effort  if,  indeed,  flights  of  the  kind  envisioned  can  he  con- 
sidered at  all.  In  the  other  areas  listed  in  the  vehicle  column,  one 
will  recognize  regions  requiring  extensive  investigations  before  the 
conq)letion  of  any  design  can  take  place. 

The  items  under  operations  reflect  Mercury  experience.  Booster 
reliability  and  safety  problems  become  an  order  of  magnitude  greater 
in  difficiilty  because  of  the  superorbital  flight  regime.  We  know  from 
Mercury  experience  that  the  abort -sensing  problems  and  the  launching 
techniques  must  be  carefully  programed.  We  are  facing,  perhaps  for  the 
first  time,  the  problem  of  training  people  for  real  space  flight. 

Mercury,  we  hope,  will  supply  \is  with  some  insight  to  fit  these  training 
requirements.  This  is  a whole  new  area  of  operations  for  NASA  and  some 
plans  must  be  forthcoming  for  providing  answers  to  human  factors 
problems . 

A proposed  timetable  of  events  for  initiating  the  procurement  of 
hardware  is  outlined  on  figure  2.  Following  the  disclosure  of  plans 
to  Research  Centers,  it  is  expected  to  disclose  in  a similar  way  the 
plans  to  industry  representatives.  After  studying  the  guidelines,  it  is 
hoped  the  Centers  will  be  able  to  outline  what  problem  areas  they  will 
undertake,  thus  permitting  us  to  initiate  indiastry  studies  for  problem 
areas  not  otherwise  covered.  Some  procedure  for  the  exchange  of  informa- 
tion will  be  required.  The  Space  Task  Group  will  have  a team  or  group 
following  these  programs  continually.  However,  we  see  no  substitute 
here  for  a direct  and  frequent  communication  between  Research  Center 
personnel  and  Space  Task  Group  people.  Frequent  communication  between 
working  groups  is  essential.  Also,  there  are  times  when  progress  as  a 
whole  should  be  reviewed.  For  this  reason,  we  have  indicated  the 
desirability  of  two  briefings  for  the  exchange  of  technical  information 
to  allow  for  such  an  overall  assessment  of  progress.  One  such  briefing 
is  suggested  for  November  i960,  at  Tidiich  time  a preliminary  research 
progress  report  would  be  arranged.  Such  a meeting  would  assist  in 
focusing  attention  to  the  pertinent  problem  areas  and  might  well  reveal 
alditional  problem  areas  that  have  not  yet  come  to  light.  It  is  believed 
desirable  also,  perhaps  in  the  Fall  of  I96I,  to  arrange  for  a NASA- 
Industry  conference  similar  to  the  one  recently  held  at  Langley  relative 
to  Dyna-Soar  problems.  The  purpose  of  this  conference  would  be  to  lay 
the  fomdation  for  the  preparation  of  final  specifications  for  the  multi- 
manned  vehicle  prior  to  extending  an  invitation  for  industry  to  bid  on 
such  a vehicle.  The  presence  of  industry  at  such  a conference  would  also 
assure  having  them  incorporate  the  latest  thinking  of  NASA  in  their 
proposals  which  we  would  hope  to  be  in  a position  to  evaluate  by  July 
1962.  Contractor  go-ahead  under  this  plan  may  be  feasible  as  early  as 
August  1962. 
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The  bar  chart  in  figure  3 is  intended  to  give  a general  idea  of  hcrw 
we  anticipate  the  various  programs  following  Mercury  to  fit  into  the 
overall  planning.  Mercury  itself  will  probably  continue  throu^  I962. 

The  phasing  out  of  the  dark  areas  of  the  chart  are  intended  to  indicate 
the  successful  cong)letion  of  the  basic  Mercury  mission.  If  we  can  skip 
for  the  moment  the  lifting  Mercury  bar  and  focus  our  attention  on  the 
third  line  identified  as  the  miiltimanned  vehicle,  we  will  observe  that 
the  research  and  development  activity  extends  from  the  present  time  to 
approximately  the  next  5 years.  The  ticks  for  the  bidder's  conference 
correspond  to  those  previously  disciissed.  If  everything  goes  according 
to  schedule,  however,  it  may  be  possible  to  receive  some  delivery  on 
initial  hardware  for  the  multimanned  vehicle  as  early  as  the  beginning 
of  1965*  We  are  of  the  opinion  at  this  time  that  earth  orbit  qualifi- 
cations for  multimanned  vehicle  is  essential.  The  period  of  this 
activity,  of  coiirse,  will  be  dependent  upon  the  problems  we  encounter; 
but  in  full  recognition  of  the  fact  that  the  radiation  hazard  may 
prohibit  early  conpletion  of  the  lunar  mission,  we  have  allowed  for  the 
possibility  of  rather  extensive  earth-orbiting  flights  to  supply  the 
experience  and  information  that  may  well  be  essential  to  the  formulation 
of  more  definite  plans  for  the  lunar  mission.  About  all  one  can  say  at 
this  time,  is  that  the  reentry  vehicle  or  component  of  the  miatimanned 
system  should  be  designed  with  the  full  capability  of  reentering  with 
the  hypervelocity  required  for  the  lunar  mission. 

In  the  time  period  between  the  phasing  out  of  the  Mercury  and  the 
introduction  of  flight  tests  of  a multimanned  vehicle,  it  is  attractive 
to  consider  the  possibility  of  a flight-test  program  involving  the  reentry 
unit  of  the  multimanned  vehicle  which  at  times  we  have  thought  of  as  a 
lifting  Mercury.  We,  frankly,  do  not  know  what  form  this  reentry  vehicle 
should  have.  Only  further  studies  will  crystallize  concepts  in  this 
regard.  We  feel  rather  certain  it  should  be  a vehicle  capable  of  some 
lift  in  order  to  make  use  of  the  maneuvering  capabilities  that  lift 
affords.  We  have  envisioned  the  use  of  a Mercury  capsule  designed  to 
provide  lift  capability  as  a full-scale  flight  vehicle  allowing  us  to 
gain  considerable  experience  in  guidance  problems  in  this  interim  time 
period.  The  adoption  of  an  interim  program  of  this  type,  however,  is 
a major  undertaking  for  NASA,  and  we  feel  that  we  are  not  yet  ready  to 
finally  determine  whether  we  should  attenpt  this  step  until  more  informa- 
tion is  available  upon  which  to  base  a decision. 

The  general  concept  of  the  lifting  reentry  vehicle,  be  it  a Mercury 
capsule  or  a basically  new  reentry  mod^ile  of  the  multimanned  vehicle,  is 
to  equip  the  capsule  with  the  reentry  control  navigation  system  that 
wDiild  permit  the  vehicle  to  maneuver  at  least  5OO  miles  from  the  inpact 
point  that  would  correspond  to  a ballistic  trajectory.  As  noted  in 
figure  4,  two  or  three  ground  stations  would  provide  command  inputs  to 
update  the  guidance  system.  The  capsule  would  receive  Intelligence  jiost 
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before  the  retrofiring  period  and  at  least  in  the  experimental  stage  prior 
to  the  onset  of  high  acceleration  forces  during  the  reentry  plus  some 
terminal  guidance  during  the  subsonic  portion  of  the  flight.  At  the 
present  time,  there  is  some  hope  that  this  kind  of  experiment  could  be 
performed  with  a Mercury  capsule  modified  in  such  a manner  as  to  provide 
the  capability  of  providing  a trimmed  l/d  other  than  zero.  However, 
none  of  the  problems  have  really  been  investigated  to  the  degree  required 
for  a rational  decision.  We  have  proposed,  therefore,  that  the  problems 
presented  by  the  lifting  Mercury  be  studied  in  the  wind  t\jnnels  in  order 
to  provide  information  on  the  problem  areas  described  in  figure  5* 

The  type  of  flap  suitable  for  a lifting  reentry  vehicle  is  in  Itself 
something  that  will  be  established  only  from  research  programs.  The 
type  of  flap  shown  in  figure  5 is  for  ill\istrative  purposes  only  and  does 
not  represent  any  preconceived  notion  as  to  the  ultimate  geometry  that  a 
lifting  flap  might  assume.  Whatever  flap  develops,  however,  must  operate 
over  a substantial  Mach  number  range,  and  careful  coordination  of  the 
interesting  flap  arrangements  must  be  made  in  order  to  assure  adequate 
coverage.  The  method  of  control  is  still  under  study  but  could  very  well 
be  aerodynamic  in  nature.  On  figure  6,  there  are  indicated  some  of  the 
NASA  facilities  that  could  well  be  utilized  in  investigating  the  adequacy 
of  a controlled  flap  for  a lifting  Mercury  or  a lifting  reentry  vehicle 
for  the  multimanned  lunar  program.  Most  of  the  basic  wlnd-t-unnel  models 
required  for  the  tests  that  are  shown  in  figure  6 are  available  from  the 
Mercury  program  except  for  the  incorporation  of  an  aerodynamic  flap.  Many 
of  the  models  are  at  the  Space  Task  Group  and  can  be  made  available  at 
any  time. 

Having  described  our  thoughts  on  the  multimanned  vehicular  mission, 
we  earnestly  solicit  your  suggestions  and  proposals  as  to  how  best  this 
effort  can  be  carried  out  in  the  best  interest  of  the  NASA  organization 
with  its  many  centers  and  somewhat  overlapping  interests.  We  would  hope 
in  the  immediate  future  to  obtain  your  views  as  to  the  problems  that 
each  Center  may  concentrate  on  so  that  the  whole  NASA  effort  can  be 
Integrated  as  soon  as  possible. 


CONFIDENTIAL 


CONFIDENTIAL 


51 


MULTIMANNED  SPACE  FLIGHT  PROBLEM  AREAS 


MISSION 

VEHICLE 

OPERATION 

SYSTEM  CONCEPT 

ESCAPE  SYSTEM 

BOOSTER  REQUIREMENTS 

NAVIGATION -QUID. 

HEATING  PROTECTION 

ABORT  SENSING 

GROUND  REQUIREMENTS 

RADIATION  PROTECTION 

LAUNCH  REQUIREMENTS 

REENTRY  TECHNIQUE 

NOISE 

COMMUNICATIONS 

ABORT  PATHS 

STRUCTURE 

TRACKING 

HUMAN  FACTORS 

AUXILIARY  POWER 

RECOVERY 

LANDING  SYSTEM 

TRAINING 

INSTRUMENTATION 

Figure  1 


ADVANCED  MANNED  SPACE  PROGRAM 


APRIL 

I960 

BRIEF  NASA  CENTERS 

JULY 

I960 

BRIEF  INDUSTRY 

NOVEMBER 

I960 

NASA  INTERNAL  BRIEFING 
(PRELIMINARY  RESEARCH 
PROGRESS  REPORT) 

OCTOBER 

1961 

NASA-INDUSTRY  CONFERENCE 

MARCH 

1962 

SPECIFICATIONS  COMPLETE- 
INDUSTRY  BRIEFING 

JULY 

1962 

INDUSTRY  PROPOSALS  RECEIVED 

AUGUST 

1962 

CONTRACTOR  GO  AHEAD 

Figure  2 
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LIFTING  MERCURY 


FLAP  EFFECTIVENESS  (M  = 0.5  TO  25.) 

FLAP  AND  CAPSULE  LOADS 

FLAP  AND  CAPSULE  HEATING 

AFTERBODY  HEATING 

STABILITY 

GUIDANCE 

SIMULATOR  ANALYSIS 


Figure  5. 


WIND  TUNNEL  STUDIES 


FACILITY 

MACH  NUMBER 
RANGE 

STATIC 

STABILITY 

DYNAMIC 

STABILITY 

PRESSURE 

HEAT 

TRANSFER 

LANGLEY  FREE- 
FLIGHT  TUNNEL 

0 

X 

X 

LANGLEY  8 -FOOT 
TUNNEL 

0.50  TO  1.14 

X 

X 

X 

AEDC  16- FOOT 
PWT 

0.50  TO  1.60 
1 

X 

X 

X 

AMES  UNITARY 
TUNNELS 

0.50  TO  3.50 

X 

X 

X 

LANGLEY  UNITARY 
TUNNELS 

1.6  TO  4 

X 

X 

X 

X 

AMES  FREE- 
FLIGHT  TUNNEL 

3.00;  9.00;  14.00 
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APPENDIX  I - GUIDELINES 


I-A  Liuiar  Mission.  - 

1.  Guideline  - The  vehicle  should  be  capable  ultimately  of 
manned  lunar .reconnaissance • 

2.  Justification  - The  mission  is  a step  toward  landing  man 
on  the  moon  and  other  planets. 

3-  Discussion  - 

(a)  The  trajectory  of  the  vehicle  must  be  such  that 
reconnaissance  of  the  moon  can  be  effected  in  sufficient 
detail  to  acquire  or  verify  information  for  selection  of 
lunar-landing  sites  and  design  of  lunar-landing  vehicles. 

(b)  Close  lunar  orbit  may  be  required  for  satisfactory 
reconnaissance . 

(c)  Instrumental ion  capabilities  will  dictate  what  is 
required  in  the  way  of  "closeness"  to  the  moon  and  "time" 
near  the  moon. 

I-B  Orbital  Mission. - 

1.  Guideline  - The  l\anar  vehicle  should  be  capable  of  earth- 
orbital  missions  for  initial  evaluation  and  training.  The  reentry 
component  of  this  vehicle  shoxild  be  capable  of  earth-orbital 
missions  in  conjunction  with  space  laboratories  or  space  stations. 

2.  Justification  - The  reentry  vehicle  should  be  designed 
for  use  with  both 'the  lunar  vehicle  and  the  orbiting  laboratory 
to  avoid  unnecessary  duplication  of  vehicle  development. 

3-  Discussion  - It  is  assumed  that  the  vehicle  will  consist 
of  a "reentry  con^jonent"  and  a "mission  component"  without  reentry 
capability.  The  mission  conqjonent  for  the  basic  vehicle  should  be 
designed  for  the  clrcumlunar  mission  and  the  total  vehicle  should 
not  weigh  more  than  15,000  pounds.  However,  the  vehicle  should 
be  adaptable  to  an  alternative  mission  component  which  will  allow 
it  to  function  as  an  earth-orbiting  laboratory.  For  this  corollary 
earth-orbiting  mission,  the  total  weight  of  the  reentry  vehicle 
plus  mission  component  can  be  increased  to  the  order  of  25,000 
pounds . 
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I-C  Propulsion  and  Weight.- 

1.  Guideline  - The  multiman  advanced  space  vehicle  shoxild  he 
designed  to  he  compatihle  with  the  Saturn  and  for  the  lunar  mission 
it  shoTild  veigh  not  more  than  15,000  poimds  including  auxiliary- 
propulsion  and  attaching  structure. 

2.  Justification  - 

(a)  Saturn  -vd.11  he  the  only  propulsion  system  -with 
sufficient  payload  capability  available  in  the  near  future. 

(h)  The  3-stage  Saturn  C-2  payload  capability  for  the 
lunar  mission  is  estimated  to  be  not  more  than  15,000  po\mds. 

3.  Discussion  - 

None 

I-D  Flight  Time  Capability. - 

1.  Guideline  - The  vehicle  sho\ild  be  designed  for  a fli^t 
time  capability  -without  resupply  of  ik  days. 

2.  Justification  - 

(a)  Minimum  time  for  lunar  circumnavigation  is  on  the 
order  of  6 days. 

(b)  Total  flight  time  may  be  appreciably  affected  by 
lunar  perturbations,  ensuing  mldco-urse  corrective  actions, 
loiter  time,  or  choice  of  nonminimum  trajectories. 

3.  Discussion  - 

None 

I-E  Maneuvering  in  Space.  - 

1.  Guideline  - Adequate  auxiliary  propulsion  sho-uld  be 
provided  for  guidance  maneuvers  required  to  carry  out  the  assigned 
missions  and  for  safe  return  in  event  of  launch  emergencies. 

2.  Justification  - Self-evident  from  mission  requirements. 
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5.  Discussion  - 

(a)  Guidance  accuracies  and  capabilities  should  be 
studied  in  order  to  determine  auxiliary  propulsion  require- 
ments . 

(b)  Sufficient  reserve  propulsion  shoidd  be  included 
to  accommodate  corrections  for  maximum  guidance  errors. 

(c)  A single  system  may  suffice  for  both  midco\arse  and 
escape  propulsion  requirements. 

II-A  Mission  Abort  Capability. - 

1.  Guideline  - The  vehicle  should  have  the  capability  of 
safe  crew  recovery  from  aborted  missions  at  any  speed  up  to 
maximxan  velocity,  independent  of  use  of  the  launch  propulsion 
system. 


2.  Justification  - The  above  requirement  is  basic  to  manned 
operations. 

5-  Discussion  - 

(a)  The  vehicle  should  be  provided  with  some  manner 
of  abort  capability  throio^out  the  launch  phase. 

(b)  Safe  control  of  the  vehicle  subsequent  to  aborting 

the  mission  is  required,  i.e.  : a^^xiliary  rocket  power 

(maneuvering  rockets)  and  the  aerodynamic  l/d  capabilities 
of  the  configuration  must  be  adequate  for  this  condition  as 
well  as  the  normal  mission. 

II-B  Ground  and  Water  Landing  Capability. - 

1.  Guideline  - The  vehicle  should  be  capable  of  a satisfactory 
landing  on  both  land  and  water  and  should  have  the  capability  of 
avoiding  local  hazards. 

2.  Justification  - 

(a)  Emergency  abort  conditions  may  force  landing  on 
either  land  or  water. 

(b)  Eellability  of  guidance,  control  and  propulsion 
systems  on  lengthy  missions  is  unknown  and  may  cause 
unexpected  error  in  earth  reentry  coordinates. 
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(c)  Accessibility  for  recovery  is  an  iiiiportant  con- 
sideration. Relative  superiority  of  land -versiis -vat er 
landing  will  vary  with  locale. 

5-  Discussion  - 

(a)  Vehicle  structvire  should  he  capable  of  adequate 
attenuation  of  ground-  and  water-landing  loads  in  a 30-knot 
wind. 

(b)  Vehicle  should  be  watertight  and  have  adequate 
sea-keeping  qualities  under  sea-state  four  conditions  (lO  - 12- 
foot  waves ) . 

II-C  Point  Return. - 

1.  Guideline  - The  vehicle  should  have  the  normal  capability 
of  landing  at  one  of  several  previously-designated  ground  surface 
locations  on  the  earth  approximately  10  square  miles  in  area. 

2.  Justification  - This  capability  is  needed  to  provide  for 
convenient  return  of  vehicle  and  crew. 

5.  Discussion  - 

(a)  Studies  are  needed  to  assess  the  value  of  Impulse 
maneuvers,  guidance  quality,  and  aerodynamic  l/d  for  the 
return  from  lunar  mission. 

(b)  This  requirement  is  far  less  severe  for  the  orbital 
mission. 

II-D  Postlanding  Survival  Period. - 

1.  Guideline  - The  vehicle  should  be  designed  for  crew 
survival  for  at  least  72  hours  after  landing. 

2.  Justification  - Due  to  the  random  nature  of  possible 
emergency  maneuvers,  it  will  be  impossible  to  provide  sufficient 
recovery  forces  to  cover  all  possible  landing  locations.  The 
above  requirement  would  permit  mobilization  of  normally  existing 
facilities  in  adequate  time  for  a safe  recovery. 

5-  Discussion  - The  vehicle  should  be  equipped  with  adequate 
location  devices. 


COKFIDENTIAL 


III-. 


III-B 


COKFIDEKTIAL 

58 


Crev  Environment 6il  Factors. - 

1.  Guideline  - The  crev  accommodations  must  provide  for  a 
safe  and  comfortable  "shirt  sleeve"  crev  environment  for  the 
entire  mission. 


2.  Justification  - The  mission  is  predicated  upon  the 
efficient  operation  and  ssife  return  of  the  crew. 

3.  Discussion  - 

(a)  A sealed  cabin  with  decon^jresslon  protection  should 
be  provided. 

(b)  The  long  duration  of  the  flight  precludes  the 
continuo\is  use  of  a pressure  suit. 

(c)  An  environmental  control  system  capable  of  meeting 
the  crew's  load  and  flight  duration  must  be  developed. 

(d)  Accelerations  In^josed  on  the  crew  should  not  exceed 
the  physiological  limits  in  keeping  with  the  support  and 
restraint  systems  provided. 

(e)  Noise  and  vibration  levels  should  be  maintained 
within  the  tolerable  limits. 

(f)  Provision  for  recreation  and  exercise  may  be 
required  to  maintain  crew  efficiency. 

(g)  The  long  confinement  period  may  require  provisions 
for  individual  privacy. 

(h)  Provisions  for  nutrition^  personal  hygiene,  and 
waste  disposal,  should  be  provided. 

Crew  Size. - 

three^men^^^'^^^^^^  ' ^^inium  crew  should  consist  of  at  least 
2.  Justification  - 

(a)  Continuous  duties  and  communication  make  it  desirable 
that  at  least  one  man  be  on  duty  at  all  times. 
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(b)  On  duty  - off  duty  cycle  tests  indicate  that  three 
men  may  be  the  necessary  minimum. 

(c)  Redundancy  in  capabilities  for  backup  purposes  is 
essential  to  insure  a degree  of  success  in  the  event  of  dis- 
ablement of  personnel. 

5.  Discussion  - 

None. 

III-C  Adequate  Protection  from  Radiation. - 

1.  Guideline  - The  mission  should  be  acconplished  without 
subjecting  the  crew  to  more  than  a permissably  safe  radiation  dose. 

2.  Justification  - 

(a)  The  possible  hazards  to  the  health  and  well-being 
of  the  crew  must  be  commensurate  with  or  less  than  the  other 
risks  inherent  in  an  adventure  of  this  nature. 

(b)  High  dosage  could  incapacitate  the  crew  for  the 
proper  performance  of  their  duties. 

3.  Discussion  - 

(a)  Present  knowledge  indicates  that  25  REM  is  probably 
an  upper  limit. 

(b)  Studies  of  minimum  radiation  trajectories  are  needed. 

(c)  Maximum  utilization  of  structural  materials  and  on- 
board equipment  should  be  studied  for  minimization  of  radia- 
tion dosage  to  crew. 

(d)  Detailed  information  regarding  the  radiation 
environment  around  the  earth  and  in  clsltinar  space  is  needed. 

(e)  Present  knowledge  of  solar  radiation,  coupled  with 
the  payload  capability  of  chemical  propulsion  systems  currently 
under  development,  indicates  that  sufficient  shielding  cannot 
be  provided  for  the  crew  in  the  advent  of  a solar  flare. 

(f)  A solar-flare  prediction  method  is  needed. 


CONFIDENTIAL 


IV-A  Onboard  Command.  - 


CONFIDENTIAL 

6o 


1.  Guideline  - The  primary  command  of  the  mission  should  be 
onboard. 


2.  Jiistification  - System  simplicity  and  mission  reliability 
will  result  from  the  maximum  utilization  of  the  command  decision 
capabilities  of  the  crewman. 

5.  Discussion  - 

(a.)  Automatic  control  will  be  employed  to  obtain  pre- 
cision or  speed  of  response  othen^lse  unattainable,  but 
monitoring  by  the  crew  of  each  control  function  with  provision 
for  override  will  be  required. 

(b)  The  navigation  computer  must  not  only  solve  the 
problems  of  insertion,  midcourse,  and  terminal  guidance,  but 
also  be  capable  of  perfoming  calculations  to  provide  the 
crew  the  information  that  is  required  to  assess  or  respond  to 
emergency  situations. 

(c)  Systems  and  simulation  studies  will  be  required  to 
evolve  coD5)uter  requirements,  navigation  and  guidance  tech- 
niques, attitude  control  requirements,  and  display  require- 

IHj&Xl'b  s « 

IV-B  Communication  and  Tracking  Facilities. - 

1.  Guideline  - Commimication  and  ground  tracking  should  be 
provided  throughout  the  lunar  mission  except  when  the  vehicle  is 
blanketed  by  the  moon. 

2.  Justification  - 

(a)  Communications  and  tracking  are  the  means  of  keeping 
the  ground  crew  informed  of  the  mission  status. 

(b)  Information  for  trajectory  control  will  be  obtained 
by  ground  tracking  and  relayed  to  the  vehicle. 

3.  Discussion  - 

(a)  Detailed  studies  are  required  to  determine  the  most 

8^d  reliable  means  of  maintaining  commiinications 
and  tracking. 

(b)  Contact  at  least  once  during  each  orbit  will  prob- 
ably be  adequate  for  the  orbital  mission. 
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APPENDIX  II  - PROBLEM  AREAS  FOR  ABORT,  REENTRY,  AND  LANDING 

1.  A study  of  launch  trajectories  is  needed  to  determine: 

(a)  Velocity  changes  necessary  to  safely  abort  the  mission 
during  launch. 

(b)  Design  criteria  for  heating  and  air  loads  associated  vith 
various  emergency  reentry  situations. 

2.  A study  of  the  reentry  foUoving  return  from  the  lunar  mission 
is  needed  to: 

(a)  Establish  navigation  accuracy  required  during  the 
terminal  adj\istment  and  reentry  maneuvers. 

(b)  Determine  auxiliary  propulsion  requirements  during  this 
phase. 

(c)  Establish  l/D  requirements  for  corridor  maneuvers. 

(d)  Determine  design  criteria  for  heating  and  air  loads 
associated  with  the  corridor  boundary  conditions. 

(e)  Determine  the  desired  amount  of  aerodynamic  l/d  needed 
during  the  postblackout  period. 

5 Additional  research  must  be  done  to  extend  aerodynamic  heating 
theorj’tolscap*  velocity  and  to  establish  the  magnitude  of  ahock-vave 
radiation. 

4.  continue  development  of  high-temperat^e 

materials.  Establish  ablation  effectiveness  of  suitable  materials 
for  heating  situations  to  be  encountered. 

5.  continue  atudy  of  promising  configurations  '“*11  test  r^^ry 
vehicle  can  be  established.  Study  should  Include  among  other  thing  . 

(a)  Parametric  wind-tunnel  studies  where  practical. 

(b)  Single-unit  and  caboose-type  vehicles. 

(c)  Practical  menhod  of  escape  during  boost  within  atmosphere. 

6.  Extend  evaluation  of  subsonic  l/D  and  wing-loading  criteria  for 
glider  landing  to  include  rough  water  conditions. 
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7.  Investigate  and  establish  design  criteria  for  large  parachutes 
and  parachute  clusters.  Note  that  parachute  systems  vith  translation 
capability  may  be  desired. 

8.  Continue  investigation  of  iii5)act  bags  and  other  impact  attenu- 
ation devices. 

9.  Establish  design  criteria  for  auxiliary  propulsion  systems. 

Note  -this  vill  probably  be  different  for  solid-  and  liquid- rocket  systems. 
Institute  the  development  of  suitable  rocket  systems  in  accordance  vith 
established  requirements. 
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APPENDIX  III  - PROBLEM  AREAS  FOR  MISSIONS,  PROPULSION,  AND  FLIGHT  TIMES 


1.  A study  of  "free  return"  and,  therefore,  relatively  "safe" 
trajectories  vhich  are  also  acceptable  from  the  standpoint  of  earth 
reentry  conditions. 

2.  A study  of  the  effect  of  the  moon’s  shape  on: 

(a)  Return  from  a circumlmar  pass 

(b)  Lunar  orbits 

(c)  Return  from  a lunar  orbit. 

5.  A study  of  the  stability  of  lunar  orbits  at  various  altitudes 
above  the  moon's  surface.  Reconnaissance  objectives  vill  probably  require 
close  lunar  orbit,  at  least  on  later  missions  prior  to  a landing  mission. 

4.  A study  of  the  use  of  the  available  auxiliary  propulsion  to 
return  to  earth  from  an  emergency  situation  during  the  midcourse  phase 
of  the  flight. 

5.  A detailed  study  needs  to  be  made  to  determine  the  trade-offs 
between  using  a one-  or  two-component  lunar  vehicle.  Such  a study 
should  consider  the  optimum  distribution  of  systems  and  supplies  between 
the  two  components. 

6.  A detailed  study  is  required  to  determine  the  most  desirable  type 
of  system  for  providing  the  required  electrical  power. 
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jpKOPOETioirnro  the  aieplake  fop  lateral  STABn,rry 


Ey  Charlee  J.  Donlan 


In  proportioning  tho  airplane  i‘or  lateral  otability,  the  tw 
characteristic 3 of  neat  iuportance  to  tlio  diroctional  stability 
factor  defined  as  the  slope  of  the  curve  of  yawj.rj'^ -moment 

coefficieiit  against  sideslip,  and  the  effective  dihedral  factor 
Cl-  defined  as  the  slope  of  the  cnive  of  rolling-moment  coefficient 
against  sideslip.  The  advantages  of  combining  hlj^i  values  of  Cj^ 


have  been  amply  iemonetratod.  The  design^ 

to  C, . .and  to 


and  low  values  of 

problem  is  to  provide  the  optimum  ratio  of  C 


vs  — ww  _ 

^ ‘3 

determine  how  both  of  these  parame'''  .TS  and  their  ratio  are  apt  to 
change  for  the  various  flight  conditions  encountered.  The  purpose 
of  this  brief  paper  is  to  summarize  the  design  factors  that 
influence  these  pareimetera  and  to  indicate  how  reliably  they  can 
be  estimated. 


The  basic  forces  Influencing  the  directional  stability  of  an 
airplane  are  indicated  in  figure  1.  The  forces  and  moments 
contributing  to  the  yawing  moment  about  tho  center  of  gravity 
are:  (l)  the  propeller  side  force  W,  (2)  the  basic  fuselage 

yawing  moment  Nj.,  and  (3)  the  side  force  on  tho  vortical  tall 
Lif.  \Je  have  found  that  side  force  developed  by  the  propeller 
becomes  Important  for  large  propellt.rs  located  at  seme  distance 
from  tho  center  of  gravity.  In  any'  event,  however,  the  propeller 
side  force  presents  no  serious  deslvn  problem  inasmuch  as  tho 
variation  of  the  propeller  side  force  with  an,gle  of  sideslip  can 
be  predicted  very  reliably  and  rapidly  from  design  charts  such 
as  those  presented  in  a paper  by  Eibner.  (See  reference  1.) 

The  unstable  yawing  moment  of  the  fuselage  also  can  bo  ostimated 
fairly  reliably  either  from  experimental  results  on  similar  shaped 
bodies  or  by  theories  such  as  Multhopp’s.  (See  reference  2.) 

The  side  force  developed  by  the  vertical  tail  and  its  variation 
with  angle  of  sideslip  however  cannot  be  e8tim>ated  as  reliably  or 
as  easily.  The  contribution  of  the  vertical  tail  to  dlx-ectlonnl 
stability  la  proportional  to  the  slope  of  the  tall-normal-force 
curve,  which,  in  turn,  is  primarily  a function  of  the  aspect  ratio 
of  the  tall.  It  must  bo  remembered,  however,  that  tho  horizontal 
tail  and  fuselage  act  as  an  endplate  which  nay  cause  tho  effective 
aspect  ratio  of  the  vertical  tall  to  differ  from  its  goometrlc 
value  by  50  percent  or  moi’e.  Consoquontly,  it  is  rathor  important 
to  estimate  how  large  the  endplate  efi^ect  may  be.  Methods  for 
doing  this  are  discussed  extensively  in  papers  by  Pass  (reference  3) 
and  Murray  (reference  4) 


po 


The  effectlvenenn  of  'bhe  verticil  tall  1.c  also  influenced  "by 
the  sldevash  aeaociated  vlth  the  flov  about  the  fuselage-vlng  com- 
bination. Ve  have  found  that  the  nldewosli  Is  generally  favorable 
for  lov-ving  airplanes  and  adverse  i*.  r hl^-vlng  airplcnoo.  The 
sidews-sh  effect  is  tmport;ant  and  ehovld  be  taken  into  accoimt  In 
eatim3.ting  the  directional  stability.  Methods  of  estimating  this 
effect  together  with  the  comp?.icatlon3  introduced  by  flaps  and 
pover  eire  discussed  extensively  in  several  of  the  papers  now 
available  to  you. 

In  addition  to  supplying  adequate  stability  at  small  angles 
of  sideslip,  we  have  frequently  found  ■'t  nocossai'y  to  increase  the 
effectiveness  of  the  vertical  tall  at  large  angles  of  sideslip. 

One  device  commonly  emnloyod  for  thin  purpose  is  tho  dorsal  fin. 

The  typical  effects  produced  by  a dorsal  fin  aro  Illustrated  in 
figure  2.  In  this  figure  the  yawlng-momont  coefficient  is 

plotted  as  a function  of  the  sideslip  angle  p for  an  ali-plano 
with  a vortical  tail  used  In  conjunction  ^rtth  a dorsal  fin.  You 
will  notice  that  whereas  tho  vortical  tail  without  the  dorsal  fin 
becomes  ineffective  at  an  angle  of  sideslip  of  about  15'^^  the 
vertical  tail  in  combination  wi.th  the  dorsal  fin  retains  Its 
effectiveness  out  to  30^’  without  any  detrimental  effects  at  small 
angles  of  sideslip.  Tlie  asjfmmetry  of  the  curves  is  caused  by 
the  propellei'  slipstream  and  is  typical  of  the  effects  introduced 
by  power. 

The  dihedral  effect  e^dilbited  by  airplanes  is,  of  course, 
closely  associated  with  wing  position,  but  fairly  reliable  eotlmatos 
can  be  made  of  the  effect.  In  general,  hlgh->^ng  arrangements 
exhibit  greater  dihedral  effect  than  low-wing  arrangements.  The 
magnitude  of  the  intcrfv^rence  effect  is  illustrated  in  figure  3* 
These  results  •'.rore  taken  frciu  reference  5 ^Jid  are  for  en  aspect- 
ratio  6 wing  with  no  gocmetrlc  dihedral.  Tho  ordinato  on  the 
left  is  the  effective  dihedral  paranicter  C'ip  and  the  equivalent 

geometric  dihedral  angle  is  given  on  the  ri^it.  The  relative  wing 
position  is  represented  along  tlie  horizontal,  axis.  It  will  be 
noted  that  tho  hl^-wlng  position  is  equivalent  to  about  5°  of 
effective  dihedral  and  the  low- wing  position  about  The  ^ 

fuselage  cross- soctlonoJ.  shape  appears  to  be  of  minor  importance. 

Any  dihedral  effect  Introduced  by  setting  the  wing  at  a 
given  geometric  dihedral  angle  con  be  added  to  tho  bao56  arrange- 
ment. Ve  have  found  that  with  low- wing  arrangements  that  the 
dihedral  effect  is  reduced  when  power  is  applied,  but  the  effect 
depends  ta.  a considerable  extent 'bn  the  amount  of  wing  immersed 
in  tho  slipstream.  Tor  hi{^-powe'red  airplanes,  tho  power  effect 
on  dihodrai  can  be  extremely  pronounced  when  flaps  are  immersed 


in  th(?  clipctreaa  and  many  service  types  negative  dihedral 

effect  in  the  full -power,  flap  down  condition.  For  low-powored 
airplanes,  the  effect  is  probably  unimportant. 
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elope  of  curve  of  yawing -mom- int  coefficient  against  sidenllp 

slope  of  circve  of  rolling -moment  coefficient  against 
sideslip 

yawing -moment  coefficient  (ii/qbS) 
rolling -moment  coefficient  (L/obS) 

propeller  side  force,  pouiids : also,  yawing  moment  with 
respect  to  stability  Z axis,  foot-pounds 

roll. Ing -moment  coefficient  with  respect  to  staolllty  X axis, 
foot-pounds 

basic  fuselage  yawing  mom-ent,  foot-pounds 
side  force  on  vortical  tail,  pounds 
total  side  force,  pounds 
thrust  (Soe  fig.  1.) 
wing  lift,  pounds 


b wing  span,  feet 

S wing  area,  square  feet 

q dynamic  preesuro,  povinds  per  square  foot 


P sideslip  angle,  degrees 
angle  of  bark,  degrees 
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Figiire  1.-  Basic  forces  on  an  airplane  in  a sideslip. 


Fig:ure  2.-  Effect  of  dorsal  fin  on  directional  stability. 


Figure  3.-  Effect  of  wing  position  on  dihedral  effect. 
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Reviewed  in  the  light  of  two-years’  experience,  the 
nation’s  man-in-space  project  shows  both  stability 
of  aim  and  approach  and  a maturing  engineering  form 
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Charles  Donlan  was  assigned  to  the 
NASA  Space  Task  Group  on  its  formation 
in  October  1958,  and  was  appointed  to 
his  present  position,  assistant  director  of 
Project  Mercur-,',  in  February  1959. 
Prior  to  his  appointment  to  the  Space 
Task  Group,  Donlan  was  technical  as- 
sistant to  the  associate  director  of  the 
Laix'Icv  Rcsca''ch  Center,  where  he 
hc’i)ccl  initiate.  Eiiide,  and  direct  re- 
search in  various  fields,  especially  aero- 
dsnamics,  stability  and  control,  and 
hvdrods  iiamics. 

Jack  C.  Ilehcrl'g  is  technical  assistant, 
Office  of  Project  Director.  N.AS.A  Space 
Task  Group,  and  was  previously  a Mer- 
curs-  Redstone  project  engineer  in  the 
Space  Task  Group  Flight  Systems  Div. 
.Before  i'cing  assigned  to  the  Space  Task 
Ciroup  wlicn  it  was  formed  in  October 
19.5S,  JU’herlig  was  with  the  NAS.A 
Langles  Research  Center's  Pilotless  Air- 
cratt  Research  Div..  where  he  was  active 
in  basic  research  for  manned  space  ve- 
hicles during  19,>7  and  1958. 

Presented  at  the  Psychological  Aspects 
of  Space  i light  Symposium,  sponsored  by 
the  .M  Sclioo!  of  Aviation  .Medicine  and 
arranged  iis  the  Southwest  Research  Iiv 
sti'.aic,  i:iis  paper  will  also  appear  in  a 
I’roci'cdings  to  he  published  by  the  Co- 
iunibia.  V'niv.  Press. 


Project  Mercury,  our  country’s  program  for  manned  orbital 
■ space  flight,  enters  the  more  dramatic  stages  of  flight  testing 
this  fall.  M'ith  major  flights  in  the  offing,  we  would  like  to  review 
Mercury  concepts  and  hardware  in  the  light  of  our  development 
e.xperience  thus  far. 

The  original  aims  and  concepts  for  Project  Mercury,  announced 
when  it  recei\od  official  status  Oct.  5.  1958,  still  guide  the  pro- 
gram. The  main  aims  of  Project  Mercury  are  to  orbit  and  recover 
a man  in  a space  capsule  safely  and  to  study  man’s  capabilities 
in  space.  The  Mercury  concept  calls  for  simplicity  and  reliability, 
a minimum  of  new  developments,  and  a progressive  build-up  of 
tests  to  demonstrate  reliability.  The  basic  engineering  approach 
has  been  a drag  vehicle  boosted  by  an  available  ICBM  propulsion 
unit;  retrorocket  start  of  descent  from  orbit;  parachute  braking 
of  the  final  phase  of  re-entry;  and  an  escape  system  for  the  launch- 
ing and  early-Hight  phases.  The  present  state  of  space-vehicle 
technology  indicates  that  the  decision  to  b.ase  w'ork  on  a high-drag 
shape  for  ballistic  re-entry  was  a wise  one. 

The  illustration  on  page  T3  shows  the  Project  .Mercury  capsule 
with  its  escape  system.  The  capsule  has  a ma.ximuin  diameter  of 
approximately  74  in.  With  escape  rig,  it  is  about  25  ft  high. 
The  heat  shield  is  an  ablating  phenolic  resin.  There  are  three 
rockets  in  the  retro  unit,  mounted  on  the  heat  shield.  The 
capsule’s  afterbody  has  a sheath  of  cobalt-alloy  shingles  that  c.m 
expand  in  all  directions  to  minimize  stress  from  high  heating 
rates. 

The  cylinder  atop  the  capsule  proper  contains  the  parachute 
recovery  .system.  This  system  continues  to  be  tested  e.xtensively 
to  insure  higli  reliability.  The  capsule,  moreover,  will  have  a 
reserve  chute  to  back  up  the  primary  one. 

The  escape  rig.  tripod-mounted  alaove  the  capsule  during 
launch,  can  remove  the  capsule  from  the  booster  at  any  time. 
Tests  of  this  system  simulating  an  off-the-pad  abort,  an  abort  at 
maximum  dynamic  pressure  on  e.xit,  and  abort  at  very  high  alti- 
t.  d,  ind  velocity  have  all  been  successful.  There  have  as  yet 
been  no  booster  malfunctions  that  would  have  prevented  a safe 
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The  illustration  at  left  shows  the  capsule  complete  with  retrorocket  unit  on  heat  shield  and  escape  rig  tripoded  on  top. 
Center,  an  illustration  of  the  capsule’s  internal  arrangement,  with  the  Astronaut  in  flight  position.  The  drawing  at 
the  right  shows  the  position  of  the  window  and  hatch  added  to  the  capsule  at  the  suggestion  of  the  Astronauts. 


escape  of  the  capsule  from  the  scene  of  immediate 
danger. 

The  illustrations  above  depict  the  .Astronaut 
in  the  capsule.  The  window  and  egress  hatch  are 
two  modifications  that  have  been  made  to  the  cap- 
sule since  its  initial  design.  The  window,  directly 
above  the  A.stronaut’s  head,  allows  him  to  make 
observations  independent  of  a periscope.  The  hatch 
employs  primacord  to  cause  it  to  fail  and  fall  free 
when  its  handle  is  turned. 

Safety  Built 

The  capsule  is  complicated  by  the  redundant 
systems  which  have  been  added  for  increased  safety. 
From  right  to  left,  one  can  distinguish  the  antenna 
can,  two  horizon  scanners,  parachute  package,  pitch 
and  yaw  jets  and  associated  plumbing,  periscope 
housing,  instrument  panel,  side-arm  controller,  and 
sundry  electronic  and  power  packages.  The  en- 
vironmental-control system  is  mainly  below  the 
-Astronaut’s  couch.  The  capsule  is  completely  auto- 
matic, but  provisions  have  also  been  made  for 
piloted  operation.  Each  system  has  a backup;  and 
in  the  area  of  communications,  there  are  several 
backups.  There  are  two  telemetry  systems  for  send- 
ing back  cap.sule  and  pilot  data.  Also,  there  are 
on-board  records  which  collect  the  same  informa- 
tion sent  by  telemetry. 

The  Astronaut  may  take  over  completely  and 
perform  all  the  functions  of  the  automatic  control 


system.  Because  of  the  parallel  manual  system,  he 
will  also  be  able  to  flv  anv  mode  that  might  fail  on 
the  automatic  system. 

Let  us  look  at  a few  of  the  capsule  systems  of 
special  interest,  beginning  with  the  instrument 
panel,  shown  on  page  73.  The  controls  and  displays 
on  this  panel  are  grouped  as  to  function.  The  group 
on  the  left  side  has  various  pilot  controls,  such  as 
those  concerned  with  the  attitude-control  system 
and  the  retrorockets.  The  two  large  handles  are 
for  decompression  and  repressurization.  Decom- 
pression would  be  us<*d  to  extinguish  a fire. 

The  next  group,  a sequencing  display,  consists 
of  a series  of  lights— red  and  green— to  indicate 
whether  various  functions  did  or  did  not  occur  at 
the  proper  time.  The  handle  just  to  the  left  of  each 
light  is  the  pilot’s  control  to  override  and  correct 
the  failure  of  any  particular  function.  The  light 
at  the  very  top  of  this  group  is  the  abort  light, 
which  comes  on  if  an  abort  is  initiated.  If  the 
abort  does  not  occur,  the  pilot  can  abort  by  using 
his  left-hand  grip.  The  switch  immediately  under 
the  abort  liglit  is  the  pilot’s  “ready”  switch.  This 
switch  is  used  prior  to  launch  to  light  up  a “ready  ” 
light  on  the  test  conductor’s  panel  in  the  blockhouse. 

The  next  series  of  dials  are  flight  instrumentation. 
The  dials  indicate  acceleration,  rate  of  descent, 
altitude,  and  the  fuel  supply  in  the  hydrogen -per- 
oxide tanks.  The  top  center  of  the  panel  is  the 
attitude  display,  which  shows  rate  and  attitude  in 
pitch,  roll,  and  yaw.  The  Astronaut’s  control  of 
attitude  will  be  aided  by  (coNnmjED  on  page  73) 
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(CONTINUED  FROM  PAGE  33) 

a periscope,  which  is  centered  below 
the  instrument  panel,  and  the  window 
directly  above  the  panel.  The  Astro- 
naut will  be  able  to  see  the  horizon  in 
back  of  the  capsule  thro\igh  this 
window  in  the  normal  orbital  attitude 
of  14  deg,  as  well  as  in  the  retrofiring 
attitude  of  34  deg.  The  periscope 
provides  the  Astronaut  with  a view  of 
the  earth  laeneath  the  capsule.  He 
can  control  the  attitude  by  location  of 
the  earth’s  image  in  the  periscope. 

The  instrument  in  the  left  center  is 
a dead-reckoning  device  based  on  a 
Miiall  model  of  the  earth,  clock-driven 
to  rotate  in  time  with  the  orbit.  In 
the  right  center  is  the  main  capsule 
.liK-k.  which,  in  addition  to  firing  the 
retrorockets,  indicates  time  of  day,  the 
lapsed  time  since  launch,  and  time- 
to-go  for  retrorocket  firing.  The 
,\stronaut  also  has  an  additional  time- 
to-go  dial,  which  he  can  set  for  any 
tlcsired  event,  and  a separate  stop 
watch. 

The  instruments  groiip<‘d  in  the 
upper  right-hand  corner  of  the  panel 
follow  the  environmental-control  sys- 
tem: Cabin  pressure,  temperature, 

relative  humidity,  and  oxsgen  partial 
pressure;  primory-and  enicrgency-oxv- 
ccn-siipply  pressure;  and  carbon-di- 
oxide partial  pressure  downstream  of 
die  lithium  hydroxide  canister  in  the 
pressure-suit  control  system.  This  por- 


tion of  the  panel  also  has  controls  for 
the  cabin-pressure-system  fans. 

A light  panel,  adjacent  to  the  envi- 
ronmental-conlrol-sx  stem  instruments, 
gives  tfie  Astronaut  visual  warning  of 
major  system  failures.  At  the  same 
time,  an  alann  .sounds  when  a failure 
occurs.  The  Astronaut  turns  off  the 
auditory  warning  signal  by  actuating  a 
switch  located  by  an  associated  light 
and  then  takes  corrective  action. 
Warning  lights  are  provided  for  loss 
in  cabin  pressurization,  depletion  of 
primary  o.xxgen  supply,  einergcncy- 
rate  mode  of  operation,  decrease  in 
cabin  o.xygen  partial  pressure  below 
3 psi,  increase  of  carlxrn-dioxide  partial 
pressure  to  3 per  cent  in  the  pressure- 
suit  circuit,  and  excessive  coeding  water 
to  the  suit  and  cabin  heat  exchangers. 

Manual  Backup  Controls 

A telelight  panel  on  the  left  console 
gives  the  .Astronaut  indication  of  light- 
event  sequential  operation.  The 
launching  o.xygen  supply  and  snorkel 
operation  are  also  sliowt^fTThis  panel. 
Manual  backup  confn/s  are  installer! 
adjacent  to  the  lights,  /rleat-exchanger 
water-flow  controls  and  the  emer- 
gency-rate valve  control  are  Icx-ated 
on  the  right  console,  which  is  not 
shown  in  the  illustration  below. 

The  instrument  panel  and  .Astronaut 
will  be  photographed  in  flight.  In  ad- 
dition, instrument  data  will  be  tele- 
metered and  will  be  recorded  on 
board.  The  Astronaut's  electrocardio- 


gram, body  temperature,  and  respira- 
tion rate  and  depth  will  also  be  taken 
and  recorded  on  board  and  tele- 
metered continuously. 

The  environmental-control  system, 
diagrammed  on  page  74,  maintains  the 
enviromiicnt  for  the  Astronaut  at  a 
temperature  between  50  and  90  F. 
The  Astronaut  can  manually  select  the 
temperature  in  this  range  that  makes 
him  most  comfortable.  During  re- 
entr\',  when  the  cabin  air  temperature 
may  approach  80  F,  his  suit  will  still 
maintain  its  air  within  the  desired  tem- 
perature l ange.  The  system  is  capable 
of  operating  for  about  32  hr.  Bod\ 
odor  is  removed  hy  activated  charcoal, 
and  carbon  dioxide  is  removed  by 
lithium  hydroxide.  Fresh  oxygen 
enters  the  suit  at  the  torso  and  exits 
at  the  helmet.  As  oxygen  leaves  the 
helmet,  it  enters  a debris  trap,  where 
sm.all  particles  are  removed,  and  then 
goes  through  the  odor  and  carbon- 
dioxide  absorbers.  A filter  doxvm- 
streain  of  the  carbon  djpxicK?  absorber 
prevents  lithium-hydroxide  dust  from 
contaminating  the  oxygen.  Pressure 
drop  is  counteracted  by  an  increased 
supply  of  gas  from  the  oxygen  bottle. 
Ten  cubic  feet  per  minute  is  the  flow 
rate  through  the  suit  at  approximately 
5 psi.  Considering  the  fact  that  this 
svstem  only  weighs  about  130  lb,  it 
represents  indeed  a noteworthy  engi- 
neering accomplishment, 

.Among  the  more  complex  sx  stems  in 
the  capsule  is  the  one  for  automatic 
stabilization  and  control.  The  illustra- 


Astronout's  Instrument  Panel 
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tion  below  shows  the  normal  op- 
eration of  this  system.  When  the 
Atlas  booster  engines  drop,  an  event 
known  as  staging,  the  capsule  ejects 
the  escape  rig  by  firing  a special  jetti- 
son rocket.  The  Atlas  booster  then 
follows  a tilt  program  which  yields  an 
orbital  altitude  of  appro.ximately  105 
n.mi.  at  the  time  of  insertion.  At 
booster  cutoff,  the  capsule's  “posi- 
grade"  rockets  fire,  separating  the  cap- 
sule from  the  booster.  The  stabiliza- 
tion system  maintains  capsule  rate 
damping  for  5 sec,  until  all  oscillations 
of  the  capsule  have  been  stopped.  The 
capsule  orients  to  the  retrorocket  firing 
attitude  for  5 min.  Within  this  period, 
ground  tracking  stations  will  deter- 
mine if  the  velocity  and  insertion  angle 
attained  will  allow  the  capsule  to  main- 
tain itself  in  orbit. 

Emergencies  Anticipated 

The  capsule  then  orients  into  the 
normal  orbital  attitude  — 14’  o-deg, 
blunt-end-up  position.  Tliis  permits 
the  Astronaut,  with  the  aid  of  the  peri- 
scope, to  see  past  the  heat-shield  end. 
Also,  the  retrorockets  point  in  the  right 
position  for  re-entering  immediately, 
in  case  of  emergency. 

The  automatic  stabilization  and  con- 
trol s\  stem  next  orients  the  capsule  into 
the  retrofinng  attitude.  After  retro- 
firing.  the  capsule  orients  to  the  re- 
entry attitude,  and  the  retropackage  is 
jettisoned.  As  the  capsule  enters  the 
atmosphere,  the  control  system  intro- 
duces a roll  rate  of  10  to  12  deg/ sec 
and  maintains  rate  damping,  which 
prevents  large  capsule  oscillations  from 


building  up.  At  about  42,000-ft  alti- 
tude, the  drogue  parachute  deploys, 
stabilizing  the  capsule  prior  to  deploy- 
ing the  main  parachute  at  10,000  ft. 
At  water  impact,  there  is  released  a 
small  balloon  carrs  ing  an  antenna  aloft 
to  aid  in  capsule  recovery. 

One  of  the  major  concerns  has  been 
to  protect  the  pilot  from  excessive  ac- 
celerations during  flight  and  landing. 
The  escape  rocket,  if  fired  in  an  off- 
the-pad  abort  or  at  high  altitude  where 
the  drag  forc-es  are  low,  would  place 
upon  the  Astronaut  an  acceleration 
level  of  20  g for  a period  of  almost  1 
sec  Impact  on  the  water  would  give 
accelerations  as  high  as  40  g for  a few 
milliseconds. 

The  contoured  couch  developed  for 
the  Astronaut  eseiiK'  distributes  his 
weight.  Normal  e.vit  g-profiles  run 
\sith  the  couch  demonstrated  its  effi- 
cacy in  helping  the  Astronaut  do 
tasks  which  are  necessary  for  normal 
capsule  functions.  Tests  in  which  ac- 
celerations reached  values  as  high  as 
2.5  g also  demonstrated  the  vafidity  of 
this  support  sxstem  in  the  case  of 
escape-rocket  firing. 

.A  major  problem  still  existed,  how- 
es'cr.  in  land  impact  or  impact  on  the 
water  with  a high  horizontal-wind  pro- 
file It  is  believsd  that  a satisfactory 
solution  to  this  problem  has  been  ac- 
complished b>  the  accordion-like  air 
cushion  shown  at  right.  The  air 
cushion  consists  of  a 4-ft  skirt  made  of 
rubberized  Fiberglas  that  connects  the 
heat  shield  to  the  rest  of  the  capsule. 
After  the  main  parachute  deploys,  the 
heat  shield  releases  from  the  capsule 
and  the  bag  fills  with  air.  Upon  im- 
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Project  Mercury  Environmental- 
Control  System 


Air  Cushion  for  Impact  Attenuation 


pact,  the  air  trap  between  heat  shield 
and  capsule  vents  through  holes  in  the 
skirt,  as  well  as  through  portions  of 
the  capsule  not  completely  airtight, 
giving  a cushioning  effect. 

Now’  as  to  the  booster  for  the  Mer- 
cury capsule  and  the  steps  taken  to 
assure  its  reliability. 

The  models  pictured  on  page  75 
show  the  three  flight-test  vehicles  used 
in  Project  Mercury.  The  Little  Joe  is 
a cluster  of  solid-propellant  rocket 
motors  used  in  the  research  and  de- 
velopment program.  No  manned 
flights  are  contempl.ated  with  this 
booster,  although  successful  flights 
w'ith  small  primates  aboard  the  capsule 
have  Ix’Cii  made.  The  Redstone 
booster  will  be  used  for  Astronaut 
training  flights.  Before  this  program 
begins,  an  animal  will  be  flown  to 
demonstrate  the  system.  The  Mcr- 
cur>'  capsule-Atlas  combination  will 
also  carry  animals  before  it  puts  a 
man  in  orbit. 

The  quality-control  program  bcinc 
followed  with  these  boosters  takes  ad- 
vantage of  all  the  experience  gained  ir 
the  weapon-system  programs  involv- 
ing tlu-m.  The  reliability  of  each 
system  is  based  upon  the  nominal  per- 
formance of  each  individual  c-ompon- 
ent  and  subsystem.  Also,  as  these  ss  s- 
terns  are  assembled  in  the  various  in 
dustrial  plants,  each  part  is  beinf 
marked  or  tagged  with  a Project  Merc 
ury  label.  .Although  an  assembly-lin( 
technique  has  been  established  foi 
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•:ifsc  boosters,  100-ocr  inspection 
.it  .ill  parts  will  take  place  to  assure  the 
‘-.iithest  possible  quality  control. 
I [X)H  assembly  of  a booster  system,  a 
comprehensive  rollout  inspection  will 
be  made.  The  history  of  all  parts  go- 
iiig  into  a particular  booster  will  be 
carefully  documented  and  reviewed. 
In  this  manner,  the  operational  pro- 
ficiency of  all  systems  and  individual 
components  should  be  made  known. 

.Moreover,  after  a capsule  has  been 
m.ited  with  a booster  and  the  niechani- 
lal  and  electrical  integration  com- 
pleted, a flight-safety  review  board 
«ill  be  held.  This  review  board  will 
report  on  the  over-all  expected  reli- 
ability of  the  capsule  and  booster  to- 
gether. Only  after  the  capsule-booster 
combination  meets  the  requirements  of 
the  flight-safety  review  board  will  ap- 
proval for  flight  be  given. 

As  to  tracking,  a total  of  17  stations, 
including  the  control  center  at  Cape 
Canaveral,  will  be  active  while  the 
.Mercury  capsule  is  in  orbit.  Of  tliese 
17.  two  will  be  located  on-board  ship 
in  the  mid-Atlantic  and  Indian  Oceans. 
At  each  tracking  station  there  will  be 
telemetry  readout  giving  the  personnel 
real-time  indication  of  the  pilot’s  and 
the  capsule  svstem’s  condition.  Prior 
to  each  flight,  acromedical  and  cap- 
sule-system specialists  will  be  sent  to 
each  of  the  monitoring  stations;  and 
•liter  each  flight  these  specialists  will 
.lid  in  evaluating  performance  The 
down-range  facilities  of  the  Atlantic 
Missile  Range  will  be  used  for  the 
normal  re-entn  tracking. 


Models  of  Project  Merewy  Flight-Test  Vehicles 


Moin  Recovery  Areas  Planned  for  Mercury  Capsule 


The  capsule  can  be  followed  on 
radar  from  the  time  it  begin.s  its  re- 
entry until  impact.  Constant  voice 
communication  should  also  be  possible 
during  this  time.  The  tracking  facili- 
ties in  the  continental  U.S.  will  be 
used  extensively  for  determining  the 
correct  time  of  rctrofiring.  and  thus 
predicting  impact  area  In  the  U.S., 


there  are  six  such  trackirig  installa- 
tions. 

Certain  areas,  shown  by  the  chart 
below  left,  have  been  designated  as 
primary  recovery  areas.  A long  re- 
covery area,  from  Cape  Canaveral 
toward  the  Bermuda  Islands,  includes 
all  impact  points  in  case  of  an  early 
abort.  Between  the  Bermuda  Islands 
and  the  Canary  Islands  are  other  pri- 
mary recovery  areas.  These  areas  are 
so  located  that  if  velocity  or  insertion 
angle  is  not  correct  firing  of  the  retro- 
rockets  should  cause  the  capsule  to 
impact  in  them.  If  the  initial  orbit  is 
not  correct  and  conditions  prevent  the 
capsule  from  making  three  orbits,  a 
second  impact  area  will  be  aimed  at 
toward  the  end  of  the  second  orbit. 
The  impact  area  from  a nominal  flight, 
however,  occurs  at  the  end  of  the  third 
orbit  down  the  Atlantic  Missile  Range 
As  mentioned,  this  would  mean  con- 
tinuous tracking  of  the  capsule  during 
re-entry  from  Hawaii  until  imp.act. 

Milestones 

The  Astronaut  in  Project  Mcicnry 
will  furnish  other  milestones  in  man's 
conquest  of  space. 

The  Mercur\-  orbital  missions  will 
permit  the  study  of  the  effects  of  pro- 
longed weightlessness  on  the  physio- 
logical reactions,  the  subjective  psv- 
chological  reactions,  and  the  perform- 
ance of  the  .-kstronaut.  Of  particular 
interest  will  he  tlie  effects  of  wciglit- 
Icssncss  on  respiratory  and  circulatory 
svstems.  Telemetered  electrocardio- 
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grain  and  breathing  rates  will  make  it 
possible  to  determine  not  only  the  ef- 
leets  ot  prolonged  weightlessness  itself, 
but  the  eilects  of  transition  from  high 
acceler.itions  to  zero-g  and  back  to 
the  higli  accelerations  associated  with 
launch  and  re-entry.  Problems  asso- 
ciated with  eating  and  drinking  in  pro- 
longed weightless  flight  can  also  be 
studieal.  Stress  hormone  studies,  to- 
gether with  pre-  and  post-pln  sical  ex- 
aminations, will  allow'  assessment  of 
the  Astronaut’s  physiological  reaction 
to  the  spectrum  of  flight  stresses. 

Subjective  psychological  phenom- 
ena likely  to  be  affected  by  the  weight- 
less environment  can  be  studied 
through  voice  reports  and  capsule  in- 
strumentation. The  ability  of  the 
Astronaut  to  orient  himself  in  spac-e 
can  be  determined.  The  effects  of  the 
reduction  in  proprioceptive  cues  in 
time  estimation  can  be  studied.  And 
attention  will  be  given  to  the  extent 
of  autokinesis  and  occulogyrie  illusions 
possibh  arising  from  weightlessness 
and  other  factors. 

Of  utmost  practical  importance  to 
future  manned  space  flights  will  be  the 
quality  of  the  Astronaut’s  performance 
in  sp.ace  Accuraev  in  manual  attitude 
control  should  provide  a good  test  of 
his  psychomotor  performance  His 
monitoring  of  the  capsule’s  orbital 


Refractories  Available  As 

Scientists  at  Linde  Co.’s  Speedway 
Research  Laboratory  have  developed 
an  arc-fusion  process  for  growing  re- 
fractories, such  as  tungsten,  molybde- 
num, columbium,  vanadium,  and  sev- 
eral compouiuls  of  tbc.se,  as  single 
crystals  up  to  a foot  long  and  an  inch 
in  diameter.  Th»>se  crystals  are  sig- 
nificantly more  ductile  and  workable 
at  moderate  temperatures  than  poly- 
crystal-line forms.  Besides  having  a 
variety  of  boulcs  and  finislicd  crystals 
available  commercially  off  the  shelf, 
Linde  is  pros  iding  a S90  sample  kit  of 
piire-mctal  and  compound  erxstals  for 
laboratory  testing  and  analysis. 

The  availability  of  the  Linde  crystals 
should  facilitate  research  on  high-tem- 
perature materials  for  electronics  and 
astronautics.  Ccorge  Hoffman  of  the 
Rand  Corp.  discusses  the  strengtli  of 
pure  crystal  filaments  in  the  Aug.  1958 
Astronatitics. 


systems  should  prox  ide  an  indication 
of  his  vigilance  and  perceptual  ac- 
curacy. Navigation  will  test  his 
reasoning  and  visual  discrimination  ot 
earth  terrain  and  heavenly  bodies. 


Large  Single  Crystals 


A large  crystal  of  pure  tungsten  grown 
by  Linde's  arc-fusion  process  is  shown 
being  turned  on  a lathe  at  room  tem- 
perature. 


This  is  to  say,  we  believe  that 
Project  Mercury  will  provide  the  base- 
lines by  which  future  space  vehicles 
can  lie  built  around  the  most  valuable 
and  useful  machine— man  himself.  ♦♦ 
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Chrome  Alloy  Steel  Boll 
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RESEARCH  ENGINEERS 

Challenging  opportunities  exist  for  creative  and 
imaginative  engineers  experienced  in  space  systems, 
biomechanics,  and  nuclear  components.  These  posi- 
tions offer  an  opportunity  to  work  in  small  project 
groups  in  an  interesting  environment,  with  some  of 
the  leading  engineers  in  this  field.  A minimum  of  five 
ye.ir8’  experience  in  one  or  more  of  the  following  areas 
desired. 

Missile  Launching  and  Ground  Handling 
Equipment 

Escape  Mechanisms  and  Reentry  Devices 
Physiological  and  Psychological  Test  Equip- 
ment 

Human  Factors  Studies;  Analysis  of  Pros- 
thesis 

Man-Vehicle  Coordination  Studies 
Crash  Protection  and  Safety  Devices 
Nuclear  Fuel  Elements  Handling,  Control 
Rod  Drives  and  Mechanisms 
Shielding  and  Containment  Devices 

B.S.  to  Ph.D.  in  Mechanics  or  Mechanical  Engineer- 
ing and  ability  to  wTite  good  reports  and  proposals 
required.  These  positions  are  nonroutine  and  re- 
quire men  with  initiative  and  resourcefulness. 

Excellent  employee  benefits  including  tuition-free 
graduate  study  and  a liberal  vacation  policy.  Please 
send  resume  to: 

E.  P.  Bloch 

ARMOUR  RESEARCH  FOUNDATION 

of  Illinois  Institute  of  Technology 
10  West  3.5th  Street 
Chicago  16,  Illinois 
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Abstract 

Planetary  exploration  provides  an  opportunity 
for  the  acquisition  of  extensive  new  knowledge  in 
the  physical  and  life  sciences.  In  order  to 
exploit  this  opportunity,  scientific  objectives 
must  be  identified  and  clearly  understood.  An 
experiment  program  leading  to  the  attainment  of 
these  objectives  must  then  be  planned  to  take 
advantage  of  the  various  missions,  systems,  and 
modes  of  operation  which  may  be  available.  This 
is  accomplished  by  examination  of  the  scientific 
objectives  of  planetary  exploration,  formiilatlon 
of  a planetary  exploration  rationale,  definition 
of  the  roles  and  Interdependence  of  manned  and 
automated  experiment  systems,  and  definition  of  the 
necessary  technology  development  requirements. 

The  preparation  for  manned  planetary  exploration 
will  comprise  automated  missions  and  extensive 
research  and  development  programs  in  earth  orbit. 

The  automated  systems,  while  capable  of  significant 
independent  contributions  in  the  physical  and  life 
sciences,  also  contribute  to  a better  definition  of 
the  role  to  be  undertaken  by  manned  systems.  Ini- 
tially, these  contributions  would  comprise  precur- 
sory definition  of  the  interplanetary  and  planetary 
space  environments  to  the  extent  necessary  to 
assure  the  adequacy  of  the  manned  spacecraft  design, 
and  definition  of  the  experiment  reqxiirements  for 
the  manned  program  to  assure  optimal  scientific 
data  collection  by  the  scientist  astronauts.  During 
actual  manned  missions,  iinmanned  systems  would  aug- 
ment and  expand  the  scientific  return  and  would 
permit  gathering  of  synoptic  data  and  data  from 
regions  not  readily  accessible  to  the  experimenters. 

The  earth  orbit  programs  must  be  carried  out  to 
define  biomedical  and  behavioral  criteria  for  long 
duration  manned  space  flight,  to  advance  subsys- 
tems and  sensor  technology,  and  to  establish 
onboard  operational  and  experimentation  procedures. 
In  addition,  techniques  must  be  developed  which 
might  permit  an  intelligent  trained  experimenter 
to  perform  previously  impracticable  solar,  plane- 
tary, and  galactic  observations  from  a position 
relatively  remote  from  planetary  influences. 

In  order  to  demonstrate  the  complex  interrela- 
tionships between  a manned  planetary  experiment 
program  and  the  precursory  earth  orbit  program, 
the  definition  of  a broad  and  systematic  manned 
planetary  experiment  program  has  been  attempted  and 
the  major  experiment  systems  and  operational  modes 
have  been  identified.  The  function  of  the  manned 


spacecraft  as  a versatile  research  facility  is 
developed  and  similarities  in  onboard  experiment 
programs  for  systems  operating  in  earth  orbit  and 
on  planetary  missions  are  noted.  A typical  plane- 
tary mission  is  suggested  with  emphasis  on  the 
requirements  for  a continuous,  dynamic  experiment 
plane . 

Introduction 

The  primary  objective  of  any  manned  mission  to 
the  planets  will  be  to  obtain  scientific  information 
contributing  to  our  knowledge  of  the  origin  and 
evolution  of  the  universe,  of  the  galaxies  which 
comprise  it,  and  of  the  solar  systems  and  life 
within  it.  Astronomy  continues  to  make  significant 
contributions  and  automated  orbiters  and  landers 
can  expand  this  knowledge  even  more.  Clearly  a 
manned  planetary  mission  should  not  be  undertaken 
solely  to  perform  functions  or  execute  programs 
which  could  be  done  more  effectively  or  economically 
from  earth-based  or  by  automated  systems.  On  the 
other  hand,  it  would  be  proper  for  man  to  undertake 
special  tasks  that  would  be  excessively  demanding 
in  cost  and  time,  if  undertaken  by  automated  sys- 
tems. Furthermore,  automated  systems  are  con- 
strained to  perform  those  functions  for  which  the 
technology  exists  and  for  ■vdiich  the  tasks  can  be 
defined  in  complete  detail  and  are  not  so  complex 
as  to  make  the  probability  of  mission  success 
unattractive . 

What  then  is  the  role  of  man  in  the  planetary 
mission?  The  most  Important  advantage  of  man  will 
be  found  in  his  capability  to  act  upon  unforeseen 
phenomena  and  events.  In  addition,  the  ability  to 
conduct  experiments  and  to  correlate  results  from 
many  observations  and  measurements  should  afford 
the  onboard  experimenter  an  opportunity  to  alter 
mission  plans,  modify  experiment  procedures,  and 
reorient  measurement  requirements  to  obtain  partic- 
ularly significant  data  on  a timely  basis.  Thus 
man's  major  role  in  a planetary  mission  is  similar 
to  his  role  in  a research  laboratory  on  earth  - it 
permits  dynamic  experiment  programs  in  several 
scientific  disciplines  simultaneously. 

It  now  becomes  necessary  to  define  the  means  by 
which  man's  unique  capability  as  an  experimenter  in 
space  can  be  exploited.  One  approach  is  to  provide 
him  a safe,  versatile  spacecraft  which  will  support 
him  on  his  long-duration,  non-resuppliable  mission 
and  which  will  contain  the  proper  onboard  research 
facilities  required  by  the  experiment  program.  This 
suggests  a logical  sequence,  which  is  to  plan  the 
experiment  program;  define  the  onboard  research 
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facilities  necessary  to  accomplish  the  program; 
integrate  the  requirements  of  the  research  facili- 
ties with  the  requirements  to  support  man  safely; 
and  provide  the  necessary  mission  technology. 

This  paper  will  attempt  to  demonstrate  this 
logic  utilizing  a Mars  landing  mission. 

Mission  Analysis 

A Mars  opposition  mission  with  a flight  crew  of 
six  has  heen  selected  as  the  basis  for  this  discus- 
sion simply  because  it  contains  all  of  the  critical 
operational  factors  which  have  significant  impact 
on  experiment  program  planning. 

A simplified  mission  events  sequence  is  shown 
in  Figure  1 and  is  as  follows . The  space  vehicle 
which  includes  the  propulsion  modules,  mission 
module.  Mars  excursion  module,  and  Earth  entry 
module,  is  assembled  in  earth  orbit.  Upon  comple- 
tion of  the  space  vehicle  assembly  and  final  check- 
out, it  is  injected  (l)  into  a heliocentric  orbit 
targeted  to  Mars  by  firing  the  first  propulsion 
modules.  These  modules  are  then  staged  (2). 

Three  midcourse  corrections  (3)  are  assumed  on 
the  outbound  leg,  the  first  occurring  5 days  after 
launch  from  orbit,  the  second  20  days  later,  and 
the  third  approximately  20  days  prior  to  arrival  at 
Mars.  Meteorite  shielding  and  insulation  for  the 
second  propulsion  module  is  staged  and  the  module 
fired  (^+)  to  insert  the  spacecraft  into  a high- 
altitude  elliptical  orbit  about  Mars.  The  spent 
propulsion  module  is  separated  (5)  iw  this  orbit 
and  the  spacecraft  transfers  (6)  into  an  operational 
orbit  using  a trim  propulsion  system. 

Two  to  five  days  are  then  spent  for  final  landing 
site  selection,  orbital  experimentation,  including 
probe  deployment,  and  preparing  the  Mars  excursion 
module  for  operation.  Three  of  the  six  man  crew 
then  descend  (?)  to  the  planet  surface.  After  a 
30-day  stay  on  Mars,  the  ascent  module  of  the  Mars 
excursion  module  returns  (8)  the  flight  crew  and 
scientific  payload  to  the  mission  module.  During 
planetary  surface  operations  the  flight  crew 
remaining  in  the  mission  module  continues  orbital 
experimentation  and  operations  and  monitors  surface 
operations.  After  rendezvous  and  transfer  of  flight 
crew  and  samples  to  the  mission  module,  the  ascent 
module  is  abandoned  in  the  planetary  orbit . 

Preparations  for  planet  departure  include 
staging  (9)  of  the  orbit  trim  propulsion  system  and 
shielding  and  insiilation  for  the  third  propulsion 
module . Departure  from  Mars  orbit  is  accomplished 
by  firing  (lO)  the  third  module.  The  propulsion 
module  is  then  staged  (u). 

Following  midcourse  corrections  (l2),  the  flight 
crew  and  scientific  payload  are  transferred  to  the 
earth  entry  module  and  approximately  1 day  prior  to 
earth  entry,  separation  from  the  mission  module  (13) 
is  accomplished.  The  trajectory  is  then 
adjusted  (ll+)  for  entry  and  landing  at  the  desired 
location. 

This  is  not  to  say  that  the  relatively  short- 
duration,  high-energy  Mars  opposition  mission  should 
be  undertaken  at  any  particular  time,  or  that  six 
is  the  optimum  fli^t  crew  complement;  however,  it 
does  serve  as  a basis  for  estimating  that  portion 


of  the  total  man  hours  which  are  available  for 
experimentation . 

Experiment  Activity 

The  profile  for  the  Mars  opposition  mission  has 
been  defined  in  terms  of  the  variation  of  fli^t 
crew  activity  with  mission  elapsed  time  and  is 
presented  in  Figure  2.  It  is  immediately  obvious 
that  approximately  three-fourths  of  the  total  man 
hours  available  are  generally  required  for  recrea- 
tion, sleep,  personal  hygiene,  and  spacecraft  oper- 
ations, while  the  remaining  one-fourth  of  the  time 
is  generally  available  for  experimentation.  During 
the  30  days  allotted  in  this  partic\ilar  mission  for 
experimentation  in  Mars  orbit  and  on  the  surface 
when  a mission  module  and  a surface  module  are 
employed  simultaneously,  the  total  spacecraft  opera- 
tion time  requirement  is  seen  to  double  and  the 
established  level  of  experiment  activity  is  main- 
tained at  the  expense  of  recreation.  Mission  criti- 
cal events,  such  as  earth  departure,  planetary 
acquisition,  planetary  departure,  and  midcourse 
corrections,  vdien  a "general  quarters  situation 
will  prevail,  are  shown  as  gross  perturbations  in 
all  onboard  activities.  Although  all  of  the  time 
during  these  events  is  shown  as  allotted  for  space- 
craft operations,  that  portion  of  any  biomedical/ 
behavioral  experiment  program  which  utilizes  the 
flight  crew  as  the  subject  will  obviously  continue. 

Other  relatively  high  spacecraft  operations  time 
allotments  occur  during  the  periods  of  final  landing 
site  selection,  and  planetary  departure  preparation. 
Although  data  obtained  at  this  time  will  be  of  an  ^ 
operational  nature  and  utilized  to  make  real-time, 
onboard  mission  control  decisions,  it  will  be 
recorded  for  subsequent  analysis  as  experimental 
data  if  desired. 

The  most  significant  point  to  be  made  here  is 
that  the  time  available  for  experimentation  is  rela- 
tively small  and  that  the  infoimation  obtained  from 
experimentation  can  be  increased  only  by  increasing 
the  flight  crew  complement  or  by  maximizing  the 
effectiveness  of  the  experiment  program.  Altho^h 
the  remainder  of  this  paper  will  be  concerned  with 
maximizing  experiment  program  effectiveness  and  the 
attendant  complexities,  results  of  a recently  com- 
pleted study  (HASA  Contract  NAS1-6TT^,  The  Boeing 
Co.)  have  shown  that  a moderate  Increase  in  flight 
crew  above  six  is  probably'  desirable  because  of  the 
separation  of  personnel  during  the  planetary  orbit 
and  surface  phases  of  the  mission. 

Outbound  In-Transit  Experimentation 

The  largest  blocks  of  experiment  activity  were 
shown  in  Figure  2 to  accrue  to  the  In-transit  phases 
of  the  mission.  Further  examination  of  an  experi- 
ment program  directed  toward  understanding  the  solar 
system  indicates  that  the  character  of  the  in- 
translt  activity  outbound  may  be  significantly  dif- 
ferent from  that  inbound. 

Figure  3 shows  a typical  distrxbution  of  experi- 
mental activity  outbound.  The  initial  activity 
includes  experiment  setup  and  calibration  with 
emphasis  on  observation  of  earth.  After  the  second 
midcourse  correction,  increasing  Interest  in  the 
destination  is  noted  and  the  associated  experiment 
activity  is  seen  to  be  responsive  to  this  interest 
as  the  destination  is  approached.  In  particular. 
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observations  will  be  made  of  the  destination  planet 
to  establish  its  albedo,  figure,  period  of  rotation, 
axial  tilt,  and  cloud  cover  and  to  investigate 
visible  areas  of  interest  on  the  planet  siirface. 

Also  of  concern,  naturally,  is  the  environment  sur- 
rounding the  spacecraft  and  the  condition  of  the 
flight  crew.  For  example,  measurements  would  be 
made  to  determine  the  structure  of  the  interplane- 
tary magnetic  field,  the  nature  of  interplanetary 
particulate  matter,  and  the  flux  of  emitted  parti- 
cles and  photons  from  the  sun.  Some  activity  is 
directed  toward  selected  observations  of  the  solar 
system  from  a position  relatively  remote  from  plane- 
tary influences.  This  activity  would  Include 
observations  of  the  sun  (for  correlation  with 
simiiltaneous  observations  from  earth),  Jupiter,  and 
the  asteroids  such  as  Icarus . A relatively  constant 
level  of  biological  and  radiation  monitoring  of  test 
plants  and  animals  is  also  noted. 

Experimentation  in  the  Vicinity  of  the  Planet 

The  distribution  of  activity  shown  in  Figure  4 
corresponds  to  simultaneous  experimentation  on  the 
surface  of  the  planet  and  in  planetary  orbit. 

The  Initial  phase  of  the  surface  experiment  pro- 
gram is  primarily  directed  toward  the  selection  of 
features  for  subsequent  measurement,  photography, 
mapping,  and  analysis.  The  actual  scope  of  this 
particular  effort  will,  of  course,  be  dependent  on 
the  degree  of  surface  mobility  provided  the  experi- 
menters. Later  activity  is  directed  more  toward 
the  selection  of  samples  which  can  ultimately  con- 
tribute detailed  information  about  the  physical 
characteristics  of  the  planet  and  the  modifying 
forces  which  may  account  for  their  contemporary 
status . All  analyses  of  data  and  samples  accom- 
plished during  this  period  will  be  of  a preliminary 
nature  directed  toward  assurance  that  the  samples 
which  are  packaged  and  returned  to  the  mission 
module  for  fvurther  analysis  or  ultimately  for  return 
to  earth  are  those  of  most  scientific  significance. 
The  surface  program  will  also  include  the  perfor- 
mance of  various  radiation  measurement  and  atmo- 
spheric studies. 

The  experiment  program  which  progresses  simul- 
taneously aboard  the  mission  module  is  directed 
toward  synoptic  measurements  which  increase  the 
understanding  of  the  planet  as  a whole  and  toward 
observations  which  corroborate  the  results  of  the 
surface  experimentation.  An  Important  part  of  this 
program  will  be  the  production  of  a detailed 
planning  map  which  is  not  only  essential  to  the 
establishment  of  the  shape  of  the  planet  and  the 
fixing  of  prominent  features  with  respect  to  one 
another,  but  also  to  the  proper  analysis  of  data 
gathered  both  in  orbit  and  on  the  surface.  Radar 
and  IR  mapping  would  also  be  performed  as  well  as 
UV,  visible,  and  IR  spectral  measurements  and  IR 
and  RF  radiometric  measurements.  Biomedical  and 
radiation  monitoring  is,  of  course,  continuing. 

Inbound  In-Transit  Experimentation 

The  Inbound  experiment  program  shown  in  Figure  5 
includes  some  astronomical  observations  and  environ- 
ment measurements  similar  to  those  of  the  outbound 
program,  but  at  a relatively  low  continuous  level 
except  near  the  end  of  the  mission  when  observa- 
tions of  the  earth  and  moon  are  begun.  It  is  noted 
that  in  the  inbo'und  program,  the  emphasis  is  on  the 


selection  and  detailed  qualitative  and  quantitative 
analysis  of  samples  acquired  from  the  Martian  sur- 
face. This  includes  exposure  of  test  plants  and 
animals  and  culturing  and  analysis  of  life  samples 
both  of  which  are  initiated  at  a relatively  modest 
level.  However,  both  are  time  dependent  and  are 
characterized  by  a varying  level  of  activity  as  the 
mission  progresses,  and  are  continued  as  long  as 
possible.  The  geophysical  sample  analysis,  on  the 
other  hand,  is  characterized  by  a high  level  of 
initial  effort  which  is  reduced  as  the  more  prom- 
ising samples  are  identified  and  analyzed  or  pack- 
aged. Later,  the  program  becomes  more  operationally 
oriented,  in  that  activity  is  directed  toward 
increased  consultation  with  earth  concerning  sample 
selection  for  earth  return  and  transmission  of 
experiment  data . 

Experiment  Planning  Process 

A planning  process  for  planetary  orbit  and  sur- 
face experimentation  is  shown  in  Figure  6 and  was 
selected  to  demonstrate  a type  of  logic  which 
should  be  applied  in  order  to  obtain  an  early  defi- 
nition of  the  experiment  program  and  the  associated 
advanced  technology  requirements. 

The  process  begins  with  the  basic  definition  of 
one  of  the  general  scientific  objectives  of  plane- 
tary exploration,  which  may  be  summarized  as  that 
of  gaining  more  knowledge  about  the  origin  and 
evolution  of  the  solar  system.  This  general  objec- 
tive may  be  further  defined  as  shown  - to  gain 
knowledge  about  the  origin  and  evolution  of  specific 
planets  - in  this  instance.  Mars. 

The  general  objective  comprises  several  scien- 
tific subobjectives,  some  of  which  are  shown  at  the  . 
next  level.  Of  these  subobjectives,  planetology, 
the  study  of  the  gross  features  of  the  planet,  has 
been  selected  for  further  analysis.  Some  of  the 
information  requirements  which  contribute  to  this 
analysis  are  shown  at  the  next  level. 

Mineralization  serves  to  demonstrate  a relatively 
broad  Information  reqiiirement  which  generates  vari- 
ous measurement  requirements,  each  of  which  may  be 
investigated  by  several  experiment  techniques . In 
particular,  mineralization  may  be  derived  from 
measurements  such  as  those  shown  on  the  next  level. 
The  chemical  composition  measurements  may  be  per- 
formed with  a combination  of  imaging  and  spectral 
techniques.  The  imaging  instrumentation  is  shown 
on  the  next  level  and  consists  of  multlspectral 
camera,  radar  imager,  and  the  astronaut  himself. 

The  instrumentation  then  imposes  detailed  require- 
ments for  spacecraft  and  mission  design.  Typical 
of  these,  are  data  management,  power,  and  stability 
and  control. 

While  it  is  recognized  that  the  final  approval 
of  the  experiment  approach  and  Instrumentation  is 
the  prerogative  of  the  principal  investigator,  the 
experiment  planning  process  does  allow  the  space- 
craft and  mission  designer  to  make  rather  detailed 
engineering  decisions  concerning  the  requirements 
inposed  on  the  spacecraft  and  mission  by  the  experi- 
ment program  which  can  in  turn  result  in  an  early 
definition  of  advanced  technology  requirements. 

Advanced  Mission  Technology  Requirements 
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The  preceding  analysis  of  the  typical  experiment 
program  associated  with  a manned  planetary  mission 


clearly  demonstrates  some  of  the  complex  require- 
ments which  must  he  considered  in  the  planning  of 
the  planetary  mission.  It  should  he  noted,  however, 
that  these  are  just  the  complexities  which  reflect 
a dynamic,  onboard  experiment  program  and  serve  to 
compound  those  associated  with  any  long-duration, 
resupply-independent  mission. 

Advanced  mission  technology  must  now  he  directed 
to  consider  some  approaches  to  satisfying  these 
complex  requirements  within  the  constraint  that 
little  if  any  real-time  support  from  earth  can  be 
expected  during  the  mission  because  of  the  sheer 
distances  and  associated  times  involved. 

One  obvious  solution  is  that  the  system  be  capa- 
ble of  autonomous  operation  which  can  be  approached 
by  optimizing  the  role  of  man  and  providing  maximum 
systems  operations  flexibility  (fig.  7)* 

Optimization  of  the  Role  of  Man 

The  ability  to  conduct  experiments  and  to  corre- 
late results  from  many  observations  will  afford  the 
opportunity  for  an  onboard  experimenter  to  adapt 
experimental  procedures  and  Immediately  reorient 
measurement  requirements  based  on  an  early  evalua- 
tion of  the  most  significant  data.  The  capability 
to  reevaluate  the  mission  status  and  to  reschedule 
onboard  activity  in  near  real-time  in  order  to  be 
responsive  to  unforeseen  events  may  be  provided 
through  the  onboard  use  of  detailed  mathematical 
models  and  their  attendant  computer  programs. 

This  concept  is  presented  in  Figirre  8 with 
resources,  models,  and  a computer  shown  at  man*s 
disposal. 

The  resources  comprise  the  nominal  experiment 
and  mission  plans  and  associated  space  vehicle, 
supplies,  and  equipment.  Some  of  the  more  obvious 
resources  are  flight  crew  number  and  skills,  envi- 
ronmental control  and  life  support  system,  power 
system,  stabilization  and  control  systems,  crew 
systems,  and  reliability. 

These  models  and  computer  programs  must  provide 
near  real-time  data  for  systems  status  monitoring 
to  aid  in  onboard  resources  management  and,  as  the 
mission  progresses,  to  provide  a finer  range  of 
event  scheduling  based  on  continual  status  updates 
from  day-by-day  or  hour-by-ho\ir  resource  changes. 

The  models  must  have  the  simulation  capability  to 
"look  ahead"  in  the  mission  and  perform  detailed 
analyses  to  optimize  remaining  resource  utilization 
in  the  event  of  changing  mission  priorities,  and  to 
provide  a dynamic  rescheduling  capability  which  is 
responsive  to  requirements  imposed  by  a dynamic 
experiment  program.  However,  because  of  the  long 
mission  and  transmission  delay  times  associated  with 
planetary  distances,  the  spacecraft  cannot  enjoy 
the  luxury  of  real-time,  ground-based  computer  sup- 
port to  aid  the  flight  crew  during  the  many  planned 
mission  modes  or  contingencies  which  may  arise. 

Thus,  the  need  arises  for  the  development  of  onboard 
computers  and  ancillary  systems  capable  of  extending 
the  flight  crew  capability  in  the  management  of 
spacecraft  systems  and  the  efficient  Implementation 
of  the  experiment  program. 

Mission  simulation  mathematical  model  technology 
presently  being  developed  as  an  analytical,  manage- 
rial tool  (NASA  Contract  No.  NASl-7105,  General 
Dynamics)  to  investigate  the  complex  requirements 


of  several  concepts  of  manned  orbital  research 
facilities  is  leading  to  the  capability  for  such 
support . 

Utilization  of  the  model  in  deterministic 
planning  and  probabilistic  simulation  modes  permits 
studies  which  include  experiments  analysis,  flight 
crew  skill  and  duty  cycles,  reliability  analysis, 
schedules  of  onboard  activities,  vehicle  mainte- 
nance, expendable  requirements,  environmental  and 
stowage  problems,  subsystems  trade-offs,  operations 
analysis*,  evaluation  of  emergency  provisions,  and 
logistics  support.  It  should  be  noted,  however, 
that  large  computer  complexes  are  currently 
required. 

An  example  of  results  of  a typical  computer  run 
from  the  simulation  model  is  shown  in  Figure  9*_  A 
printout  of  a current  systems  status  and  a station 
efficiency  check  is  shown,  where  systems  descrip- ^ 
tion  input  data  are  extracted  from  several  libraries 
as  required.  This  check  was  performed  following  an 
unrepaired  systems  failure,  simulated  by  Monte 
Carlo  techniques,  and  consists  of  a current  and 
predicted  systems  status  analysis. 

CUEKENT  SYSTEMS  STATUS,  given  on  this  chart. 
Includes  a description  of  each  type  of  component, 
its  redundancy,  number  of  components  currently  in 
the  failed  status,  current  spares  level,  and  prob- 
abilities of  failure,  losing  function,  and  losing 
alternate  mode.  These  probabilities  are  combined 
into  the  PROBABILITY  OF  MISSION  ABORT  charged  to 
every  major  system.  This  current  systems -status 
check  allows  pinpointing  of  degrading  components, 
and  corresponding  remedial  action  with  respect  to 
spares  package,  reliability,  or  redundancy.  The 
system  reliabilities  are  ultimately  combined  into 
the  efficiency  index. 

A similar  analysis  is  performed  to  determine  sys- 
tems status  after  a hypothetical  special  logistics 
launch,  and  the  results  of  each  analysis  are  com- 
bined into  PROBABILITY  OF  CREW  SURVIVAl  and 
PROBABILITY  OF  MISSION  SUCCESS,  which  are  in  turn 
combined  with  PERCENT  EXPERIMENTAL  RETURN  into  an 
EFFICIENCY  INDEX.  The  incremental  efficiency  is 
computed,  and  prorated  with  respect  to  the  number 
of  days  until  the  next  regularly  scheduled  logis- 
tics laxmeh,  giving  SPECIAL  LAUNCH  VALUE.  This  is 
conq)ared  to  an  input  cutoff  point  which  reflects  a 
predefined  mission  rule.  If  it  is  greater,  a 
special  logistics  launch  is  requested  to  resupply 
spares.  For  this  particular  run,  the  special 
launch  value  was  less  than  the  cutoff  point,  so  a 
special  launch  was  not  requested. 

Although  emphasis  here  is  on  the  value  of  a 
special  launch  to  assure  flight  crew  safety  and 
mission  success,  such  an  option  would  not  be  avail- 
able to  the  flight  commander  during  a planetary 
mission.  In  addition,  such  extensive  data  must  be 
displayed  in  a simplified  format . The  experience 
gained  in  building  such  large  sim\ilation  models  will 
prove  invaluable  in  the  eventual  onboard  utiliza- 
tion of  these  methods . As  computer  technology 
advances,  so  will  the  techniques  which  will  allow 
easier  manipulation  of  the  input-output  data.  This 
will  include  advanced  visual  display  techniques  and 
printed  formats  along  with  simplified  model  routines 
and  software  which  will  alleviate  the  storage  prob- 
lems associated  with  large,  complex  programs. 
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Spacecraft  Systems  Operations  Flexibility 

The  second  broad  area  of  advanced  mission  tech- 
nology reflects  the  requirement  of  the  experiment 
program  for  a spacecraft  which  can  operate  effec- 
tively in  several  modes  - manned,  automated, 
modular,  and  in  integrated  combinations  of  all 
three.  Consideration  of  the  mission  and  attendant 
experiment  program  evolution  from  earth  departure 
to  earth  return  demonstrates  the  dynamic  functional 
requirements  imposed  on  system  design  as  is  shovm 
in  Figure  10. 

During  the  outbound  portion  of  the  mission,  the 
primary  mode  of  experimentation  is  that  pecxiliar  to 
the  observatory.  The  nature  of  these  observations, 
with  repetitive  measurements  and  extreme  stabiliza- 
tion and  control  requirements,  suggests  automation 
and  modularization  for  part-time  operation  at  a 
point  relatively  remote  from  the  influence  of  the 
mission  module  and  the  presence  of  man.  The  capa- 
bility for  this  mode  of  operation  is  particularly 
important  if  it  is  established  that  artificial 
gravity  with  the  attendant  motion  and  complexity  is 
a requirement  for  flight  crew  survival  or  habita- 
tion. In  addition,  since  this  portion  of  the  exper- 
iment program  may  be  relatively  static,  the  role  of 
man  tends  initially  toward  one  of  technical  support 
to  the  Instruments.  As  the  mission  progresses, 
however,  the  scope  of  man's  involvement  increases 
as  he  becomes  more  concerned  with  observations  which 
contribute  directly  to  landing  site  selection. 

The  experiment  programs  to  be  performed  in  plane- 
tary orbit  and  on  the  planetary  surface  must  be 
complementary.  The  surface  experimenter  will  be 
concerned  with  selection  of  specific  experimentally 
significant  samples  and  obtaining  measurements  in 
a relatively  small  area.  The  program  being  con- 
ducted simultaneously  aboard  the  orbiting  mission 
module  is  directed  toward  the  collection  of  synoptic 
data  and  is  enhanced  by  automated  satellites  and 
probes  under  control  of  the  mission  module.  Man's 
primary  role  here  is  twofold  - on  the  surface  - 
sample  selection;  in  orbit  - data  handling. 

During  the  early  inbound  portion  of  the  mission, 
the  primary  task  of  man  is  that  of  qualitative  and 
quantitative  analysis  in  the  biological  and  geo- 
physical sciences.  The  mission  module  must  accom- 
modate separate  laboratory  facilities  for  biosclence 
and  geophysics  as  well  as  supporting  facilities  for 
common  usage  such  as  optics,  electronics,  and  chem- 
istry. In  addition,  the  mission  module  must  provide 
the  facilities  for  data  selection,  storage,  and 
transmission.  Thus,  the  requirement  for  an  inte- 
grated manned  experimental  research  laboratory  in 
space  is  established. 

The  overall  requirement  is  for  laboratory  and 
spacecraft  systems  that  can  be  operated  in  several 
modes  depending  on  the  nature  of  the  experiment, 
the  optimum  degree  of  man's  participation  at  the 
particular  time,  and  the  mode  of  mission  mod-ule 
operation. 

Concepts  of  advanced  optical  eqiiipment,  for 
example,  the  120-inch  manned  orbital  telescope,  have 
been  studied  with  considerable  emphasis  on  operating 
in  conjunction  with  a manned  orbital  research  labo- 
ratory (Contract  No.  NAS  1-3968,  The  Boeing  Co.). 
Eight  modes  of  operation  were  evaluated  and  some  of 
the  results  are  presented  in  Figure  11. 


The  best  data  quality,  which  in  this  effort 
reflected  technical  risk,  is  seen  to  be  obtained 
when  the  optical  system  is  completely  separated 
from  the  laboratory  system;  however,  man's  ability 
and  safety,  which  are  measures  of  data  quantity, 
are  somewhat  degraded  because  of  the  necessity  for 
extravehicular  activity  or  operation  of  a shuttle 
system.  On  the  other  hand,  when  man's  ability  to 
conduct  these  experiments  is  best,  the  data  qiiality 
is  relatively  poor  and  the  laboratory  interface 
requirements  which  in  turn  impact  other  onboard 
experimentation  requirements  are  severe. 

Further  study  is  obviously  needed  in  this  and 
related  onboard  operative  areas.  Experiment  modules 
should  be  capable  of  more  than  one  operational  mode 
and  the  experiment  program  should  be  planned  to 
exploit  each  mode  to  provide  adequate  data  of  the 
quality  desired  in  every  phase  of  experimentation. 

R & D Programs 

A broad  program  of  research  and  development 
which  is  responsive  to  the  advanced  mission  tech- 
nology requirements  Imposed  by  a manned  planetary 
mission  and  an  experiment  program  derived  from  the 
scientific  objectives  is  presented  in  Figure  12. 

It  begins  with  the  basic  assessment  of  man's 
capability  as  an  experimenter  in  space  utilizing 
earth  orbital  programs  of  increasing  complexity  and 
dtjration.  Man's  requirements  and  limitations  must 
be  determined  and  supplemented  when  necessary. 

The  space  rating  of  man  will  require  detailed 
clinical  studies  on  man  and  basic  studies  on  man 
and  animals  at  the  cellular  level.  Of  particular 
interest  will  be  man's  performance  in  earth  orbital 
progrrms  such  as  earth  resources  and  astronomy 
where  he  will  fmction  with  automated  or  semi- 
automated  equipment  to  make  repetitive  measurements 
as  well  as  have  the  opportunity  to  redirect  the 
experiment  program  as  unforeseen  phenomena  occur. 

Data  acquisition  techniques  and  equipment  will 
require  extensive  investigation.  Sensor  technology 
must  be  extended  and  include  development  of  common 
components  where  possible,  and  data  handling  tech- 
niques which  permit  preliminary  onboard  analyses 
must  be  defined  in  order  to  assure  return  of  the 
most  significant  planetary  information  to  earth. 

Engineering  design  data  on  the  planetary  environ- 
ment and  surface  must  be  obtained  from  precursor, 
automated  probes.  Analyses  of  the  long-range 
requirements  of  the  flight  crew  and  experiment 
program  on  environmental  control  and  life  support, 
power,  stabilization  and  control,  and  crew  systems 
must  be  completed,  and  highly  reliable  systems 
which  can  meet  the  requirements  must  be  developed. 

Applied  programs  derived  from  basic  technology 
will  be  directed  toward  the  optimization  of  the 
role  of  man  and  will  include  simulation  of  most  or 
all  of  the  planetary  mission  in  earth  orbit  in 
order  to  demonstrate  complete  systems  reliability. 
Automated  systems  under  remote  control  of  man  in 
orbit  must  be  used  to  develop  techniques  for  the 
effective  utilization  of  the  telescopes  and  plane- 
tary orbiters  and  probes  which  will  ultimately 
provide  synoptic  coverage  of  the  planet.  Procedures 
for  the  handling  of  samples  in  a sterile  or  closely 
controlled  environment  must  be  established. 
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The  feasibility  of  a versatile  experimental 
facility  for  research  In  space  has  been  defined  in 
extensive  detail  in  several  previous  studies.  (For 
example,  see  NASA  Contract  No.  KASl-3612,  The 
Douglas  Aircraft  Co . ) In  each  instance , these  con- 
cepts were  operational  in  earth  orbit  and  were 
dependent  on  logistics  support  and  near  real-time 
communication  with  earth.  The  planetary  mission 
module  must  provide  the  versatility  of  these  earth 
orbital  systems  without  support  from  earth. 

Concluding  Remarks 

Possession  of  the  capability  for  manned  plane- 
tary exploration  depends  on  possession  of  three 
complex,  interdependent  elements}  a scientifically 
significant  experiment  program,  a space  vehicle 
system,  and  a flight  crew.  Examples  of  the  impact 
of  a broad  experiment  program  on  spacecraft  design 
and  operation  and  on  the  role  of  man  have  been 
shown  to  demonstrate  the  significance  of  experiment 
planning  on  advanced  mission  technology.  It  is  seen 


that  a comprehensive  experiment  program  imposes  the 
requirement  for  a hi^ly  versatile  research  facility 
capable  of  autonomous  space  operation.  It  may  be 
described  as  integrated,  manned,  automated,  and 
modular  and  it  must  allow  man  to  utilize  his  unique 
abilities  to  the  fullest  extent. 

In  addition,  consideration  must  be  given  to 
assuring  that  man's  best  capabilities  are  repre- 
sented in  the  flight  crew.  The  system  of  astronaut 
selection  and  training  must  produce  the  necessary 
scientists  possessing  skills  at  the  technician  level 
in  disciplines  other  than  their  own  and  proficiency 
in  onboard  flight  operational  assignments. 

Before  a manned  planetary  mission  is  attempted, 
the  related  complexities  of  experiment  program, 
space  vehicle,  and  flight  crew  must  be  understood. 
The  challenge  today,  then,  lies  in  the  definition 
of  the  scientific  objectives  and  the  development 
of  the  experiment  program. 
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Figure  1.-  Mission  events  sequence. 
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ENGINEERING  THE  FUTURE 


President  Meyer,  members  of  the  Board  of  Trustees  and  Faculty, 
distinguished  guests,  ladies  and  gentlemen- -it  is  an  honor  and  a 
privilege  for  me  to  participate  in  the  dedication  of  the  College  of 
Engineering  Building.  It  is  particularly  encouraging  to  see  this 
building  coming  into  use  at  a time  when  technology  once  again  has 
become  a fashionable  whipping  boy.  Indeed,  the  university  itself 
has  come  in  for  intense  criticism  from  all  elements  of  our  society- - 
from  the  old  and  the  young,  the  rich  and  the  poor,  the  conservative 
and  the  radical,  and  from  etlmic  and  minority  groups.  For  each 
of  these,  the  university  is  singled  out  as  a special  symbol  of  its 
concerns  and  disappointments.  The  older  and  conservative  elements 
regard  the  university  as  a subversive  force  and  see  in  its  adminis- 
trators too  much  tolerance  of  student  and  faculty  challenges.  Many 
young  people  and  adults  who  are  impatient  for  immediate  social 
reforms  are  critical  because  they  see  the  university  as  a conservative 
force  that  attempts  to  mold  students  to  a role  in  society  that  they  no 
longer  regard  as  satisfying.  The  poor  and  certain  minority  groups 
see  the  university  as  a closed  gateway  to  opportunity.  President 
Jerome  Wiesner  of  MIT  put  it  this  way,  "We  have  achieved  the 
dubious  distinction  of  being  regarded  at  one  and  the  same  time  as 
the  hothouse  of  revolution  and  propagator  of  the  status  quo." 
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Nevertheless,  there  are  large  numbers  who  are  genuinely  concerned 
and  who  regard  uncontrolled  technology  especially  as  a major  source 
of  our  social  dislocations  and  environmental  concerns.  They  believe 
that  the  social  and  economic  forces  that  drive  technological  advance- 
ments cannot  be  directed  in  a way  that  would  benefit  the  general 
welfare.  They  feel  that  technology  will  dominate  our  lives  like  a 
plague  and  somehow  relegate  men  to  be  the  unwilling  servants  of  a 

large  powerful,  impersonal  organization.  They  say  this  must  be 
stopped. 

What  can  be  said  of  this  assessment?  There  is  no  doubt  that  science 
and  technology  have  helped  create  our  present  predicament  by  pro- 
viding goods,  services,  and  activities  in  modes  of  life  and  work 
and  leisure  which  in  the  past  were  beyond  the  expectations  of  all 
but  a small  privileged  class  of  our  society.  This  has  led  to  much 
social  discontent  and  frustration.  We  have  moved  ahead  in  all 
directions  with  little  regard  for  the  conditioning  of  individuals  and 
society  to  the  consequences  of  this  tremendous  capability  for  change. 

We  had  accepted  as  an  axiom  the  proposition  that  any  technology  that 
offered  the  promise  of  expanding  our  mastery  over  nature  was 
desirable  and  essential.  It  has  been  relatively  recent  tliat  this  axiom 
has  been  questioned  with  the  consequence  that  the  relationship  between 
technological  change  and  man’s  social,  biological  and  physical  environ- 
ments is  now  being  considered.  The  establishment  of  the  Environmental 
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Pi  otection  Agency  at  the  federal  level  and  similar  offices  at  the  state 
and  local  levels  has  done  much  to  create  a public  conscience  in  these 
areas  and  to  provide  a mechanism  for  assessment.  The  positive 
steps  being  taken  by  business  and  industry  to  cope  with  these  problems 
are  even  more  encouraging.  Gaps  in  our  educational  specti-um  are 
also  being  filled  with  relevant  information  on  the  impact  of  our 
technological  capabilities  on  our  lives.  Nevertheless,  while  science 
and  technology  have  indeed  helped  create  our  present  predicament, 
there  is  little  question  that  effective  solutions  to  these  problems  can 
only  emerge  from  the  same  sources.  Without  new  scientific  know- 
ledge and  wise  technological  investments  now  and  in  the  future,  the 
problems  of  mankind  will  only  increase.  We  must  do  more  than 
merely  identify  and  catalog  the  problems  of  our  society;  we  must 
understand  them  and  provide  carefuUy  thoughtout  solutions.  We 
must,  in  fact,  engineer  the  future. 

That  is  why  I believe  the  study  of  engineering  to  be  one  of  the  most 
rewarding  preparations  for  life  that  a student  can  undertake,  even 
If  his  ultimate  vocation  may  be  in  a field  far  removed  from  engineering. 
The  study  of  engineering  conditions  a person  to  the  nature  of  the  tech- 
nologically oriented  world  we  live  in  by  providing  him  with  a compre- 
hensive understanding  of  its  mechanisms  and  by  furnishing  the 
foundation  of  knowledge  required  to  shape  and  control  its  activity. 
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The  source  for  this  conditioning  and  knowledge  rests  in  the  rigor 
of  the  engineering  curriculum  itself.  In  particular,  I submit  there 
are  four  favorable  influences  at  work  on  the  engineering  student 
during  this  phase  of  his  education  that  will  dominate  his  thought 
process  for  life.  The  first  of  these  is  a development  of  a respect 
for  facts.  The  solution  to  engineering  problems  involves  the 
examination  of  facts  in  a qualitative  and  quantitative  sense.  The 
necessity  of  assessing  the  qualitative  and  quantitative  aspects  of 
facts  results  in  a continual  sifting  of  the  important  and  less 
important  factors  in  the  decision-making  process.  This  may 
seem  trivial  but  such  training  over  a period  of  time  does  influence 
one’s  point  of  view.  This  characteristic  of  the  engineer- -an 
insistance  on  quantifiable  facts — will  be  identifiable  in  his  deal- 
ings with  people  all  his  life- -perhaps  to  a fault  at  times.  Engineers 
have  been  known  to  be  quite  boorish  in  such  matters. 

A second  influence  results  from  the  involvement  of  the  student 
to  systematic  approaches  to  problems  or  undertakings.  The  term 
"systems  engineering"  has  become  identified  with  such  an  orderly 
and  comprehensive  approach  to  the  solution  of  engineering  problems. 
The  characteristic  features  of  this  approach  are  found  in  undertakings 
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ranging  from  the  design  of  singular  items  such  as  machine  tools 
to  entire  programs  such  as  Project  Apollo.  Learning  to  tliink 
and  plan  in  the  manner  implied  by  the  systems  engineering 
approach  develops  a lifelong  skeptism  toward  accepting  piece- 
meal or  overnight  solutions  to  complex  problems. 

A third  influence  involves  the  fostering  of  self  reliance.  The 
student  of  engineering  finds  himself  exposed  to  many  aspects 
of  engineering  activity.  He  develops  an  appreciation  for 
details- -such  as  the  need  for  a stress  analysis  of  all  elements 
of  a bridge  structure  or  an  aiiTlane.  He  develops  an  awareness 
of  the  importance  of  these  unglamorous  but  extremely  vital 
activities  to  the  success  of  the  undertaking- -and  the  realization 
that  the  completeness  of  such  analyses  are  frequently  depend- 
ent solely  on  the  conscientiousness  and  competence  of  those 
individuals  charged  with  carrying  out  that  responsibUity. 

The  fourth  influence  is  what  I call  realistic  communication. 

In  engineering,  probably  as  much  as  in  any  professional  field 
in  the  university,  discussions  in  the  classroom  and  dialogue 
between  faculty  and  student  are  similar  to  that  which  takes 
place  in  engineering  activity  in  industry.  The  transition, 
therefore,  from  the  engineering  campus  to  the  engineering 
industry  is  not  like  stepping  into  a whole  new  world.  One 
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reason  for  this  is  that  the  engineering  faculty  is  usually  involved 
in  some  way  with  the  active  engineering  profession  in  the  role  of 
consultants.  Furthermore,  their  performance  is  readily  measured 
by  the  success  or  failure  of  proposed  solutions  or  the  adoption  or 
rejection  of  their  ideas.  Their  experiences  are  inevitably 
communicated  to  students  in  the  classrooms  and  seminars.  This 
exposure  to  real  life  activity  is  most  significant  in  formulating 
attitudes.  It  is  probably  not  by  accident  that  the  colleges  of 
engineering,  students  and  faculty  alike,  have  been  amongst  the 
most  stable  units  in  the  university.  I believe  the  four  influences 
I have  discussed  liave  had  a great  deal  to  do  with  this  fact. 

Looking  to  the  future,  the  engineering  profession,  I believe,  will 
find  itself  more  and  more  involved  in  determining  its  role  in 
society.  It  should  exercise  more  initiative  in  assessing  what  is 
good  or  bad  about  its  activities.  It  should  not  let  the  important 
function  of  technology  assessment  go  by  default  to  those  who  see 
no  good  in  technology.  The  engineering  profession  and  the  schools 
of  engineering  can  help  by  studying  the  priority  issues  of  our 
times  and  channeling  engineering  talent  into  new  opportunities 
to  serve  society.  Let  me  supply  an  example  from  the  Space 
Program.  President  Nixon,  in  his  recent  state- of- the- union 
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message,  indicated  that  the  engineering  and  scientific  knowhow 
that  went  into  putting  a man  on  the  moon  is  now  being  channeled 
into  priorities  more  aligned  with  current  problems  on  earth. 

One  result  of  this  realignment  is  that  the  capabilities  we  have 
developed  for  exploiting  space  will  be  heavily  focused  on  earth 
resources.  NASA  will  soon  launch  an  Earth  Resources  Tech- 
nology Satellite  (ERTS)  which  will  begin  to  furnish  information 
required  to  balance  man’s  needs  against  the  earth's  ability  to 
meet  them.  Among  data  to  be  obtained  are  information  related 
to  agricultural  crop  species,  crop  health,  types  of  rocks  and 
soil,  erosion,  moisture  content  of  the  ground,  coastal  processes, 
surface  water  distribution,  and  water  pollution.  Next  year, 
we  will  conduct  more  advanced  earth  resources  experiments 
in  the  Skylab  Program.  Sky  lab,  a modified  upper  stage  of  the 
Saturn  V launch  vehicle,  will  serve  as  the  Nation's  first  manned 
earth-orbiting  space  station.  One  of  the  principal  tasks  of  the 
Skylab  Program  will  be  earth  observations  and  surveys. 

Astronauts  in  Skylab  will  contribute  in  this  area  by  selecting  and 
calibrating  sensors,  interpreting  measurements  rather  than 
sending  raw  data  to  earth,  screening  out  irrelevant  data,  and 
detecting  unforeseen  events.  An  astronaut's  capability  to  observe 
a large  scene  and  to  discern  unusual  features  cannot  be  duplicated 
in  current  automated  systems. 
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The  Skylab  Program  will  utilize  the  judgment  and  flexibility  of 
men  to  get  the  best  results  from  experiments  too  complex  for  the 
automated  satellite.  I believe  this  earth  resources  program, 
utilizing  manned  and  unmanned  spacecraft,  will  open  an  era  of 
new  benefits  from  space  technology  as  limitless  as  the  frontiers 
of  space  itself.  The  earth’s  survey  from  space  may  have 
unanticipated  potential  for  benefitting  mankind  as  significant 
as  those  already  realized  from  the  weather  and  communication 
satellites. 

It  is  faith  in  this  future  for  space  that  led  President  Nixon  to 
announce  on  January  5 his  approval  of  the  Space  Shuttle- -an 
entirely  new  type  of  space  transportation  system.  The  Space 
Shuttle  which  features  an  airplane-like  spacecraft  will  give  us 
routine  access  to  space  at  sharply  reduced  costs  in  dollars  and 
preparation  time.  It  will  also  result  in  greatly  reduced  costs 
of  the  payloads  themselves.  The  Space  Shuttle  will  make  it 
possible,  in  the  future,  to  launch  routinely  communications  and 
weather  satellites,  and  other  advanced  earth  resource  satellites 
that  will  allow  us  to  monitor,  and  help  us  husband,  our  natural 
resources.  Perhaps  with  such  routine  space  operations  made 
possible  by  the  shuttle,  one  can  hope  for  the  development  of  an 
environmental  monitoring  system,  international  in  scope,  to 
help  control  our  environment  here  on  earth  for  all  mankind. 
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I have  used  these  examples  of  space  technology  because  they 
are  typical  of  how  science  and  technology  can  be  Iiarnessed  to 
help  solve  our  problems  and  because  they  encompass  my  own 
sphere  of  knowledge.  Similar  extrapolations  in  other  fields  of 
engineering  or  technology  can  no  doubt  be  made.  I am  con- 
vinced that  engineering  and  technology  not  only  have  a bright 
future  but  that  our  own  future,  to  a considerable  extent,  will 
be  greatly  influenced  by  them.  It  is  not  even  necessary  to 
redefine  our  terms  of  reference  for  I know  of  no  better 
statement  of  the  goal  for  engineering  than  the  definition  of 
■engineering  itself  as  contained  in  Webster's  unabridged 
dictionary:  "engineering- tlie  science  by  wliich  the  properties 
of  matter  and  Sources  of  energy  in  nature  are  made  useful 
to  man  in  structures,  machines,  and  products.  " 


